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1NTHODÜCTION i.l.-f 

The maintenance of soil productivity depends largely on those fac- 
tors which are commonly referred to as farm practices, notably cul- 
tivation of the soil, crop rotation, the use of fertilizers and agricultural 
lime, land drainage, and irrigation. Taking into consideration all 
kinds of soils and the more or less established systems of agriculture, 
three of these farm practices assume outstanding prominence: (1) 
Cultivation; (2) rotation of crops; and (3) the use of fertilizers. 

Cultivation of the soil includes the preparation of a suitable seed 
bed and any subsequent stirring of the soil to kill weeds or to con- 
serve soil moisture. The preparation of the seed bed, a practice 
which has come down to us from times immemorial, is universally 
recognized as a necessary first step in the production of farm crops 
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regardless of the producing power of the soil, whereas the importance 
of subsequent cultivation or intertillago was not given general recog- 
nition in practical farming until near the close of the eighteenth 
centui-y (U, pp. U8-175)} 

Crop rotation—the growing of different kinds of crops in rocixr- 
ring succession on the same land—^has been recognized by early 
agricultural scientists to be the foundation of the improvements 
in agriculture which took place in England, in large portions of con- 
tinental Europe and in the United States during tne last part of the 
eighteenth and especially during the last centm-y (9, p. 195). The 
benefits to be derived from the growing of leguminous crops in alter- 
nation with the cereals were distinctly recognized by tne ancient 
Romans {2,18) ; and the benefits of growing intertilled turnips or 
root crops in rotation with barley, clover, and wheat were discovered 
about, or after, 1730, in England. 

Fertilizers such as dung, marl, ashes, and green-manure crops 
were used in soil improvement in ancient times; but it was not 
until after about 1840 that chendcal or manufactured fertilizers 
were known or received much recognition. In modern times, espe- 
cially in the older agricultural sections, the use of manure* or chemi- 
cal fertilizers, or both, is commonly regarded as the paramount 
farm practice to assure successful crop production or to maintain 
the productivity of soils. The tenn fertdizer, as it is used in this 
bulletin, includes farm manure and chemical fertilizers. 

The fact that the value of fertilizers may be easily and definitely 
demonstrated on certain soils which are in need of special kinds of 
fertilizers or on soils low in producing power because of exhaustive 
cropping, has established the value of chemical fertilizers, partic- 
ularly in sections where fertilization practices have become estab- 
lished. And thus it seems logical to credit the bulk of crop yields 
m these sections to the fertilizers used. It is not assumed that the 
value of crop rotation is entirely overlooked. On the contrary, the 
fact that m most of these older sections, where systems of farming 
have become more or less established, crop rotation is commonly 
practiced gives evidence of the recognition of its value. 

Ihe effects of crop rotation on yields are manyfold: Rotation 
aids m controlling weeds and certain crop pests and diseases. It 
may render manure and chemical fertilizers more effective. It 
increases the soil supply of organic matter and nitrogen, improves 
tilth,  and conserve the soil reserve of plant nutrients; and  the 

u-Ti li'^'^P^ ^" themselves may exert beneficial effects on those 
which follow. 

The total effects of rotation when conjoined with fertilizers may 
be measured by determining the difference in the yields obtaineà 
Tnl ^^^^'^¡f^^ 1° »-«tation and with the same fortilizere in ceñ- 
íame kn^TV,' ^^* ?•' ""^"^ ^ ""••'P '^ ^'••^^'^ continuously on the 
Sinn „; n ^"T^'^ifu "^r ''"'^i ^^) What is the vah.e of crop 
(2 men « r^^'"'^ "^'i *^' ^'^ °f fertilizers in crop production^ 
Sons do tbi«rr T^'"'"' *^' "'" ^^ fertilizers with rotation of 
Stive effitf i "" ^^^ practices when thus conjoined produce 
additive effects in promoting increases in crop yields? (3) What are 
the comparative values of crop rotation and ferti izers in maintaS- 
ing and increasing soU productivity? leruiizers m mamtam 

> Heierence Is made by namber (itaUc) to "Literature cited" p^'. ~~  



CROP ROTATION  IN  RELATION  TO SOIL PRODUCTIVITY 3 

There is another aspect of the question regarding the effects of 
rotation on crop yield, which is perhaps the more important one; 
namely, the value of crop rotation in relation to the national food- 
production problem. From this point of view, cultivation of the 
soil, crop rotation, and the use of fertilizers are still to bo regarded 
as the dominant farm practices not only in maintaining but in increas- 
ing our Nation's food supply. As regards its maintenance, much 
will dopend on good cultivation and judicious use of fertilizers. 
But what of the value of crop rotation? As regards increasing our 
food supply, how much can the average yield of wheat or corn, for 
example, be increased by improving present methods of cultivation! 
How much additional increase can be effected by establishing more 
systematic crop rotation or by improving the rotations now being 
practiced? And how much can these increases bo augmented stifi 
more by a more general and intelligent use of manure and chemical 
fertilizer ? 

PRIMARY OBJECTS OF   STUDY 

Inasmuch as any attempt to answer these questions, especially as 
regards crop rotation, without any specific knowledge of the value 
of rotation mav result in bare speculation, it seems logical to study 
experimental data with a view, in each case (1) to determinining 
some more or less definite measure of the value of rotation in crop 
production, and (2) to comparing its beneficial action with that of 
fertUizera in maintaining and increasing soil productivity. These, 
briefly stated, are the primary objects of this study. -, ^..^ 

METHOD OF STUDY 

Whatever method may be applied to experimental data in evalu- 
ating absolute or relative values of crop rotation and the use of 
fertilizers in crop production and in maintaining and increasing soil 
fertility, at least four conditions must be met experimentally bcffore 
such values can be ascertained: (1) The value oí the effects of crop 
rotation and the use of fertilizers must be based on long-continued 
fertility experiments; (2) in any particular case a crop must be 
grown with and without fertilizers in continuous culture and in rota- 
tion and on the same type of soil; (3) comparable yields must repre- 
sent the same seasonal effects; and (4) the fertilizer treatment given 
a crop in rotation should be similar to that given in continuous 
culture. 

The fact that crop rotation is a system of cropping which extends 
over a longer or a shorter period of years necessitates a consideration 
of the long-time fertility tests. A fertilizer may be applied before, 
at, or after planting time, and the results may be measured, in part 
at least, the same year. Such a demonstration can not be made 
with crop rotation. A fertilizer is a definite, physical object which 
can be measured, weighed, and applied to a sod. A rotation, on 
the other hand, is something abstract, in that it possesses no material- 
ity or has no physical reality as does a fertilizer. It is, rather, a 
concept connoting the attributes of a particular system of cropping, 
whose effects, in general, may be measured only after a series of 
years. 

From the four differently treated plots furnishing the basic data 
for this study are obtained, in each case, the following comparable 



4 BULLETIN 1371, V. S. DEPABTMENT OF AGRICULTURE 

crop yields- the average yield without fertilizer and rotation (check- 
plot yield in continuous culture), the yield reaultmg from the use 
of fertilizer alone (yield from fertihzed nlot in contmuous culture), 
the yield in rotation without fertilizers (check-plot yield m rotation), 
and the yield in rotation with fertilizers (yield from fertihzed plot 
in rotation). . , -   i.   i       ^- -i 

Though this study calls for a consideration of the long-time sou- 
fertility experiments, yet the data of all such experiments can not 
be used, since in some instances, those at State College, Pa., for 
example, none of the crops which make up the rotation are grown 
in continuous culture (3). . . 

The soil is an important factor in determining the comparability 
of continuous-culture and rotation yields in each experiment. For- 
tunately, in the long-time fertility experiments involving yields in 
rotation and continuous culture, practically the same kind of soil is 
under test in each case. 

The seasonal effects on crop yields are well known and are usually 
given careful consideration when comparisons are made  of crop 
yields.    In some of the long-continued experiments the rotation plots 
are repeated as many times as it is necessary to give the yield of 
each crop each year; whereas in other experiments there is no repli- 
cation of the rotation plots.   In the case of the former experiments, 
an average yield in continuous culture for a series of years is com- 
parable with the average yield of the same crops grown in rotation 
for the same period of years.    Such yields are comparable, since they 
include the same number of years and the same seasonal effects.   On 
the other hand, in those experiments where the rotation plots are 
not repeated, an average yield for a series of successive years in 
continuous culture is not comparable with an average yield of the 
same crop grown in rotation for the same period, since the rotation 
average represents a less number of years and reflects a different 
combination of seasonal effects.    In such cases comparisons between 
particular yields in continuous culture and rotation may be made 
by taking the average yield of a crop grown in rotation and com- 
paring it with the average of the yields obtained during the same 
years in continuous culture.   At Rothamsted, for example, wheat is 
grown continuously on the same land and also in a four-year rota- 
tion which is represented by only a single series of plots.    Experi- 
mental data for 72 years include 18 wheat yields in rotation and 
72 yields in continuous culture.    Ah average yield of the 18 crops 
grown in rotation is comparable with an average yield in contin- 
uous culture only when the latter average is obtained from the 18 
yields which have been obtained in continuous culture during the 
same years that wheat has been grown on the rotation plots. 

Inasmuch as this study involves a consideration of not only the 
effects that rotation and the use of fertilizers have on crop yields 
when acting independently of each other, but also their conjoint 
effects, as compared with their single effects, it is important that the 
crops in rotation be fertilized the same as in continuous culture. This 
raises the question as to the kind of chemical fertilizers that should 
be selected for comparable yields. 

In some of the long-time experiments are included the results from 
chemical fertiUzers which cany one, two, or all three of the major, 
nutrient elements ; that is, nitrogen, phosphorus, and potassium.    In 
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this study results from complote fertilizers have been selected, 
because it is to be observed that, in these long-time experiments, 
complete fertilizers are more consistently effective in maintaining 
and increasing soil productivity than those in which one or two ot 
the major fertilizing constituents are lacking. Thus it seems logical, 
especially since results from manure are also included, to compare 
the value of rotation with the effectiveness of those chemical ferti- 
lizers which are most efficient jn soil-fertility maintenance. The 
details concerning the composition of the fertilizers and the quantity 
applied are brought out in the discussion of each of the experiments 
which have been selected for study. 

BXPEKIMENTS SELECTED FOR STUDY 

From all published, official data it has been possible to select six 
groups of long-time experiments (Table 1) which satisfy the condi- 
tions discussed in the foregoing paragraphs. They are named in 
chronological order according to the dates when comparable yields 
begin, though in some cases the experiments were begun several 
years before the dates indicated. The results of these experiments 
are discussed in the order named. 

TABUI L—Long-time contitHunu-citUure and roUUion «xpeùment» 

Location V*tet or oomparibl« 
yields Crops Involved 

Rotbamsted, Hertford County.'EnglaiMl  
Columbia, Mo  

»SItolMl.iiicliulve.. 
IHM tn laiR Inrlitil» 

Wheat and barley. 

Wooater, Ohio  
' Í      thy. 

ItM to 1*18, lnolu»lTe..  Indian corn, oats, and wheat. 
1003 to IdIR, iucluslvf   ' Tobacco Qermantown, Ohio  

urbana. III. (Morrow plot*)  WU In 1017. inrlnqiva      {   Intiian /v^rn 
Horanoe, S. C „.„ uni to »18, tacluOv«.. Cot too. 

DISCUSSION OP EVALUATION METHODS 

In evaluating the effects of rotation and of fertilizers on crop yields 
and in maintaining and increasing soil fertility, at least three methods 
suggest themselves.    A discussion of these methods follows. 

In order to make the discussion concrete, the average of the results 
obtained with farm manure on com at Columbia, Mo., will be used, 
as follows : 

Yield without manure and rotation (cultivation alone, c)—22.4 
bushels. 

Yield with manure but without rotation (c and fertilizer,/)—37.1 
bushels. 

Yield in rotation without manure (c and rotation, r)—37.5 bushels. 
Yield in rotation with manure (c, r, and/)—47.7 bushels. 
For convenience, continuous culture witnout fertilizer or manure 

will be called simply cultivation, including the tillage necessary in 
the preparation of the seed bed and any subseq^uont cultivation, 
whoso effect will be indicated by small c. Ilotation and fertilizer 
effects will be indicated by small r and /, or capital R and F, respec- 
tively, indicating different values for rotation and fertilizers. In 
all cases the effects of cultivation, rotation and fertilizers will be 
evaluated in terms of yield units, as absolute values, representing 
either actual yields or increases effected. 
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The increase effected in the yield of a particular crop by rotation 
alone when it is combined with cultivation may not be oaual to tiie 
increase effected when rotation is added to the combinea practices 
of cultivation and the use of fertilizer. In like manner the increase 
effected by the use of fertilizer may differ. Thus, small r will indi- 
cate the effects of rotation when it is combined witli cultivation 
alone, and capital E will indicate its effects when rotation is added 
to the combined practices of cultivation and the use of fertilizer. 
The value for R (with fertilizer) may bo either greater or less than 
the value for r (without fertiUzer). In a similar manner, small / 
will indicate the effects of fertilizer when it is used without rotation, 
and capital F, the effect when the use of fertilizer is added to rota- 
tion, in the data which follow, it wnll be shown that the value for 
F (with rotation) is often greater than the value for / (without 
rotation). 

Tlie different values for rotation and for the use of fertilizer may 
be illustrated in the following manner, using the same results with 
manure on corn at Columbia, Mo. : 

CASE I 
Bushels 

Yield in continuous culture without any fertilizer (c)  22. 4 
Gain effected by use of manure in absence of rotation (/)  14. 7 
Additional gain effected when to use of manure is added rotation (Ä) 10. 6 

Yield resulting by adding rotation to the use of manure   47. 7 

CASE II 

Yield in continuous culture without any fertilizer (c)  22. 4 
Gain effected by rotation in absence of manure (r)  .'"II 16. 1 
Additional gain effected when to rotation is added the use of manure'(^'11 lo! 2 

Yield resulting by adding the use of manure to rotation  47. 7 

FIRST METHOD, INV01.VINQ  ASSUMPTIONS 

Ordinarily, the evaluations of rotation and of fertilizers, as effect- 
mg increases in crop yields, are calculated as follows: 

Manure without rotation, 37.1-22.4; that is, cf-c, or 14 7 
bushels. 

Rotation without manure, 37.5-22.4; that is, cr-c, or 15.1 
bushels. 

Manure and rotation conjoined, 47.7-22.4; that is, cfr-c, or 25.3 
bushels. -^ 

^"^ ^^i^^^' *h^ ^ff^ct of manure in rotation is ordinarily measured 
as the difference between 47.7 and 37.5; that is, cfr-cr, or 10.2 
bushels, bince the conjoint action of rotation and manure has 
effected an increase of 25.3 bushels in the yield, it seems reasonable, 
in order to determine what portion of this total increase should bo 
?n o i.^'^i.*"/''*^*^'^"' ^9 .take the difference between 25.3 bushels and 
fl?; fi. ff ; thus arriving at a difference of 15.1 bushels as a value 
for the effect of rotation (Ä) when conjoined with the use of manure, 
«nï.^' ^«^'ording to this method, rotation without manure effected 
«n fnJrf" }^\\ ^í 1''^^^^1?^' "'''^"^« ^^l^out rotation effected 
^Ln «l«l^° f\t-^i ^'^^ .^^^ ^"^i^? conjointly, rotation is |iven a value of 15.1 bushels of mcrease, and manure, a value of 10.2 
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The above method is subject to criticism, because tv/o assump- 
tions are involved. First, in arriving at the values of the effects of 
rotation (r) and manure (/) when acting independently of each other, 
it is assumed that the effects of cultivation are the same when con- 
joined with rotation or manure as wiien it is acting alone. The same 
assumption is made in evaluating the conjoint effects of rotation and 
manure. This assumption, in &Ü probability, does not distort the 
true values of rotation and manure very much one way or another, 
since cultivation is the one factor which is involved in "all the yields 
compared; and, moreover, there seems to be no way to determine 
whether or not the effects of cultivation represent the same value 
in all the comparable yields. 

Tho second assumption made is that the effect of rotation (Ä) when 
conjoined with manure is the same as when it is acting independ- 
ently of manure. It seems reasonable to believe that rotation must 
exert some effect on manure, and that manure, in turn, must have 
some effect on the efficiency of rotation. In other words, it seems 
highly probable, as analysis seems to show, that there is an inter- 
action between rotation and tho use of manure when those practices 
are combined. 

If the formula cfr-cr (47.73-37.5) is corrcctin arrivmg at a value 
of 10.2 bushels of increase for manure (F) when conjoined with rota- 
tion, it is just as logical and correct to use the formula cfr — cf 
(47.7-37.1) to arrive at a value of 10.6 bushels for the effects of rota- 
tion (B) when this practice is conjoined to the use of manure. In a 
Erevious paragraph, the effect of rotation has been evaluated at 15.1 
ushcls of increase when conjoined with manure, or the same as 

when rotation acts in the absence of manure. According to the 
second formula, the rotation value, is not the same, but less by 4.5 
bushels. .bufí*:'! y*. 

It is a fact that must be accepted that the conjoint effects of rota- 
tion and manure resulted in an increase, in this particular experi- 
ment, of 25.3 bushels over cultivation alone. In arriving at this 
value no assumptions arc made. However, it can not be deter- 
mined just how much of this total increa.se should be credited to 
rotation or to manure. According to the above analysis the value 
for rotation (Ä), when joined to tne use of manure, must he some- 
where between 10.6 busnels and 15.1 bushels; and the value for the 
use of manure (F), when joined to rotation, between 10.2 bushels 
and 14.7 bushels. 

SECOND   METHOD 

Another method that suggests itself in this study is to consider 
the effects of cultivation, rotation, and fertiUzers from the point of 
view of farm practices, and to evaluate their effects on crop yields 
in terms of tne differences in the average yields obtained. Thus, 
taking the same Missouri results with manure on corn, as used for 
illustration, the practice of cultivation alone resulted in an average 
yield of 22.4 busnels per acre; of combining the use of manure with 
cultivation, 37.1 bushels; of combining rotation of crops with culti- 
vation, 37.5 bushels; and of combining all three practices, 47.7 
bushels per acre. Since in these evaluations no assumptions are 
involved, this second method is the first of two methods used in 
this study. 
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Tho practice of using manure without rotation resulted in an 
increase of 14.7 bushels over cultivation alone, and tho practice of 
rotation of crops without tho use of manure resulted in an increase 
of 15.1 bushels over cultivation alone. Hence, under the conditions 
of the Missouri test tho practice of rotation without tho use of 
manure produced practically the same effects as the practice of 
using manure without rotation. 

The practice of conjoining rotation of crops and tho use of manure 
resulted in a gain of 25.3 bushels over cultivation alone, which is 
within 5 bushels of the sum of the separate effects of rotation and 
the use of manure. In other words, when under the conditions of 
the experiment the practice of crop rotation and the use of manure 
are conjoined, the effects produced on the crop yield were nearly 
fully additive, or nearly as large as tho sum of their separate effects. 

The formula cr — c gives tho value for the oirocts of rotation when 
practiced independently of the use of fertilizers. This value of 
rotation (r), in the experiment cited, is equal to 15.1 bushels of 
increase. 

When the use of manure and rotation are practiced conjointly, 
from, c/r — (^ we derive another value for rotation, being the actual 
increase effected when to the use of manure is added rotation of 
crops. This value for rotation (Ä) includes not only the effects of 
rotation in itself but, in addition, any effect that it may have on 
the condition of the soil or in increasing or decreasing the efficiency 
of the manure as compared A\ ith its effects when acting in the absence 
of rotation. In this case the value for rotation (Ä), in the illustra- 
tion used, is equal to 10.6 bushels of increase. 

The formula cf—c gives the value for the effectiveness of the use 
of manure when practiced in the absence of rotation. This value 
for manure if), in the experiment named, is equal to 14.7 bushels 
of increa£e. 

From the formula efr — cr we derive another value for the effects 
of the use of manure, being the actual increase effected when to 
rotation is added the use of manure. This value for the use of 
manure [F) includes not only its direct nutritive value (be it greater 
or less than when it is used without rotation), but, in addition, any 
interactive effects due to conjoining the use of manure and rota- 
tion of crops. In this case the value for the use of manure {.F)y 
in the illustration used, is 10.2 bushels of increase. 

THIRD   METHOD 

The method selected for evaluating the beneficial effect of rota- 
tion and fertilizers involves only a comparison of the effects of the 
practices of rotation and of the use of fertilizers on crop yields, and 
it does not show the effects resulting from rotation and the use of 
fertilizers in relation to the maintenance and increasing of soil pro- 
ductivity.    This necessitates a somewhat different method of study. 

Maintaining soil productivity implies holding or keeping up the 
productive power of the sou. In case of any one of the long-time ex- 
periments, the average yield of a crop at the beginning of the experi- 
ment must be taken as the yield to be maintained, or it may be 
termed the maintenance yield, from which the values of rotation 
and the use of fertilizers in fertility maintenance are to be reckoned. 
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and from which rotation and fertilizer values in increasing productiv- 
ity are to bo measured. 

A concrete illustration may help to make clear the application of 
this method. The same results obtaine<l with manure on corn at 
Columbia, Mo., as used in the previous discussions, will be used. In 
Figure 1 are given the average vields per acre for the period, 1894 
to 1918, in a somiiliagrammatic form, snowing the comparable aver- 
age yields and their relative positions with reference to the main- 
tenance vield of 33.5 bushels, the 5-year average yield at the begin- 
ning of t\»o experiment, for the period, 1889 to 1893, inclusive. 

It is to bo Observed that cultivation alone (c) fell short 14.5 bushels 
in maintaining tho yield obtained at the beginning of the experi- 
ment; the practice of combining tho use of fertilizer (manure) with 
cultivation {ci) resulted in a slignt gain of 0.3 bushol, above the main- 
tenance yiela; the practice of combining cotation with cultivation 

:'\    ■   î 

.1.i j I    'iOii » 

.   ?» («il:- 

'À-'' i 
'VU J., 

■   ...if       'il'      •    .. ■    : "       _.      ■ ,'.   1 
Fio.l.—A rerresentîitlon ofthetrsulta ofnsfricsoflonK-tlmeffrtnityteítíoticornBtrolnmW», 

Mo., ihowiDK thr relation o( coinparobln yields to the malatenaneo and tbe incronsInE uf soil 
productivity. Small c indicates tho eflpcw of cultivation »lone; /, the eflecw o( fcrtlUier 
(maaura); and r, tbe «llecti o( crop rotation 

{cT) increased soil productivity by 5.8 bushels per acre; and the 
practice of combining cultivation, rotation of crops, and the use of 
manure {cjr) increased the productivity of the soil by 15.4 bushels 
(48.9-33.5). 

The difference between the yields of 48.9 bushels {cir) and 19.0 
bushels (f) simply gives a measure of the difference in tne producing 
Sower of the soil as effected by the two different practices mdicated. 

•n the other hand, the difference between the yield of 48.9 bushels 
{cjr) and 33.5 bushels (maintenance yield) measures the effects of the 
«onjoint action of cultivation, rotation, and fertilization in increasing 
«oil fertility. Likewise, the true measure of the value of manure in 
increasing productivity during the period of tho experiment is not 
tho difference between the yields of 33.8 bushels {ci) and 19.0 bushels 
<c), but the difference between 33.8 bushels {cj) and 33.5 bushels 
(maintenance yield). Tho same argument holds in case of rotation. 

In this particular experiment, it is to be noted that both rotation 
<r) and manure (/) maintained soil productivity.    Since the yield to 

60635—26t 2 
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be maintained is 33.5 bushels, the full effectiveness of rotation alone, 
in its relation to fertility maintenance, may be expressed as 117.3 
per cent; and that of manure alone, 100.9 per cent. Thus the rela- 
tive value of rotation, as compared with manure, in maintaining 
productivitv may be expressed as 116.2 per cent. 

As roij;ards increasing suil productivity, when the use of manure is 
combined with cultivation the increase m yield, resulting from these 
combined practices, is only 0.3 bushel (33.8-33.5). When rotation 
b combined with cidtivation the increase is 5.8 bushels. But when 
rotation and the use of manure are conjoined, the increase in yield is 
15.4 bushels, which is nearly 152.5 per cent greater than the sum of 
the increases resulting from rotation and fertilization when practiced 
independently of each other. 

The long-time experiments included in this study have to do wnth 
six major crops, ana the average yields at the beginning of tlie experi- 
ments vary from rather low to medium—yields which are accepted 
as indicating the fertility of sous that have gone through the "vir- 
gin" perioaof cropping, and which make possible a study of the 
values of crop rotation and the use of fertilizers in increasing soil 
productivity. 

EFFECTS OF CROP ROTATION  AND THE USE OF FERTIUZERS ON 
CROP YIELDS 

ROTHAMSTBO EXPERIMENTS WITH WHEAT AND BARLKT 

The more systematic fertility experiments at Rothamated were 
begun iu 1843; those with wheat grown in continuous culture were 
begun on the Broadbalk field in 1843, and those with barley in con- 
tinuous culture, on the Hoos field in 1852. The rotation experi- 
ments were begun on the Agdell field in 1848—the rotation consist- 
ing of rutabagas (Swedish turnips), barley, clover (or beans) or fal- 
low, and wheat (4, pp. SI, 70, 190). In this study only the four- 
crop rotation has been considered: Rutabagas, barley, legumes, and 
wheat, grown in the order named. From the above dates it is to be 
observed that comparable wheat yields begin with the year 1851, 
and those of barlev with 1853. Since the rotation plots are not 
repeated, wheat ancf barley are grown every fourth year on the Agdell 
field; on the Broadbalk and Hoos fields, respectively, they are grown 
every year. On the rotation plots rutabagas receive all the ferti- 
lizer; on the continuous-culture plots, wheat and barley are ferti- 
lized annually. 

Having determined the values of crop rotation and of fertilizers 
in increasing soil productivity, these values, although calculated 
from the comparatively low maintenance yields of the long-con- 
tinued experiments, should serve just as well in emphasizing the 
values of rotation and of fertilizers in fertility maintenance under 
conditions of higher productivity. 

One more word in reference to rotation and fertilizers in fertility 
maintenance: Just how long an experiment should run to determine 
the true values of rotation and the use of fertilizers in maintaining 
Eroductivity is difficult to state; probably 30 or 40 years would sul- 

ce. More carefully planned experiments seem necessary and advis- 
able, to enable the gathering of more facts on a problem which is so 
intimately associated with  the  Nation's food-production problem. 
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Such a Study of crop rotation and tho use of fcrtilizors from the 
points of view of maintaining and increasiñf^ soil fertilitj' pivcs added 
value to all long-time experiments involving continuous-culture plots. 

To return to the first question proposed, concerning the compar- 
ative effects of rotation and the use oi fertilizer on crop yields: 

The soil of the three named Rothamsted fields consists of " 'rather 
a heavy loam resting upon chalk.' ♦ * » Notwithstanding the 
irregularitv of the subsoil, the agricultural character of the soil is 
fairly uniform all over the estate; some fields work rather more 
heavily than others, and the proportion of stones l^nng on the sur- 
face varies somewhat, but these différences are comparatively unim- 
portant. The soil pa.sses into the subsoil without anv sharp line of dis- 
tinction, and the distribution of flints in the subsoil is very irregular, 
while the solid chalk is reached at depths varying between 8 and 12 
feet. 

" In the Rothamsted arable soils * * * there has always been 
suflicient carbonate of lime to keep up a neutral condition and put 
out of ai-tion anv acid as fast as it was produced. However, it was 
observed later that one of the Rothamsted fields did contain plots 
on which the soil had become acid through the appUcation of ammo- 
nium salts year after year for a long period ; this was the Park grass 
field, which is cut for hav everj- year," a field not included in this 
study (4, pv. g4, 25, g9S,'SPS). 

The Rothamsted soil is verj' old, agriculturally. In 1881 Sir John 
Lawes said of it: "At what period my land was first brought into 
arable cultivation it is impossible to say, but at Rothamsted I have 
records which prove that wheat and other com crops (meaning small 
grains) were grown 250 years ago upon these same fields wluch are 
now under experiment; there are, how^ever, no data to show how often 
a field was cropped in succession."   (5, p. 12.) 

BXPERIWENTAl.  DATA 

The data presented in Table 2 show the comparative effects of 
crop rotation and the use of fertilizers on the average yields of wheat 
ana barley for a period of 72 years on tlie old arable soil at Rotham- 
sted, when rotation and the use of fertilizer are practiced independ- 
ently of each other. The first wheat yield in rotation on the Ägdell 
fieltf wa-s obtained in the year 1851, and other yields were obtained 
every fourth year up to and including 1919. This gives a record of 
18 crops of wheat grown in rotation, tlie average yield of which is 
compared witli the average vnelds obtained in tlie same years on nine 
different plots on the Broadbalk field where wheat is grown in con- 
tinuous culture. Each of the latter averages, therefore, represents 
18 yields obtained during the same years that wheat has been grown 
on the rotation plots. 

Since the experiments with barley in continuous culture were not 
begun until 1852, the first comparable j-ields of this crop were ob- 
tained in 1853, the second year of barley in rotation. Comparisons 
in average yields of barley are made in a similar manner as in case of 
the wheat. Thus each of the average yields of barley on the Hoos 
field represents 18 crops which were grown during the same years in 
which oarley has been grown in rotation. 
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In the last two columns are given the increases in yields of both 
wheat and barley over the respective check plots in continuous 
culture. These gains express the absolute values of crop rotation 
and the use of fertihzers in effecting differences in jnelds on these 
particular plots. 

TABLE 2.—Comparative effects of crop rotation and the use of fertilijera on the yiêltU 
of wheat and barley at Rothamsted (16) 

[Crop rotation and tb« UM of (ertUtier acting apart from each otheii 

Field and plot No. ,    Crop 

I 
i- 

Agdell, rotation Seid 
6-0. 

Broadbalk, continu- 
ous culture: 

3  
10.  

Wheat. 

U. 

.do. 

.do. 

.do. 

-do. 
.do. 

2,  ...do  
AKdeU,roUtlonaeld 

Boos, continuous cul- 
ture: 

1-0 

Barley.. 

. do 
1-A  ...do  

1-AA  ...do .. 
2-0  ...do.... 
a-A       . do 

2-AA  

4-0  
4-A  

...do.... 

...do.... 

...do.... 

4-AA. 

7-2. 

.do. 

.do., 

.do. 

Soil treatment (fertUliers dren In 
pounds per acre annualljr) 

Check plot, no (ertUlMc^rotattoo only.. 

Check plot, notertUUer  
400 pounds ammonium salts ■ (U pounds 

N, or 2N). 
400 pounds aiumonium siUts, 392 pounds 

superphosphate (2N, P). 
7t2 pounds minerals,) no nitrogen (P, K). 
Minerals and 200 pounds ammonium 

salts (N, P, K). 
Minerals and 400 pounds ammonium 

salts Í2N, P, K). 
Minerals and HOC pounils ammonlam 

salts (3N, P, K). 
Minerals and iSO pounds nitrate of soda 

(2N, P, K). 
14 tons farm manure  
Check plot, no (ertlllur—rotstlim Mly-. 

A*«race 
field par 
acre (18 
aotH > 

BusktU' 
34. OS 

13. as 
ItL» 

3Z«3 

l&OO 
23. S8 

IX a» 

MM 

33.01 

84.M 
n.ti 

Check plot, no fertilizer  
200 pounds ammonium salts (43 pound« 

27.^ pounds nitrate of soda (43 pounds N) 
392 pounds superphosphate ( P)  
200 pounds ammonium salts, 392 pounds 

.superphosphate (N, P). 
279 pounds nitrate of soda, 392 pounds 

suiwrptiosphate (N, P). 
792 pounds m inerals, no n Itrogaa ( P, K ).. 
Minerals and 200 pounds ammonium 

i     salts(N, P, K). 
.do  Minerals and 279 pounds nitrate of loda 

(N, P, K). 
.do   14 tons farm manure  

14.0« 
a«. IT 

28.32 
20 38 
37.98 

43.80 

31.88 
41.89 

43.51 

48.94 

loerMM 
due to 

■QUUoo 

Ba^tU 
>11.73 

 ! 
IncrMM 
du* to 
r*rti]U< 

• 1» . 

7.03 

laz» 

11.36 

Ui.«7 

HS« 

33: B7 

tau 
H. 38 
«.33 

33.93 

39.74 

7.83 
27.83 

39.45 

3S.M 

' The 18 crops of wheat or barley In continuous oultare correspond to the 18 wheat « barley yean la 
rotation. 

» Winchester or American bushels.   One imperial or English bushel equaLs 1.032 American bushels. 
' Dlflerenco in yield between check plots In rotation and In continuous culture. 
' In each case ammonium salts Include equal parts of sulphate and chloride. 
• In each case minerals Include 392 pounds of superphosphate, 200 pounds of sulphate of potaib, lOO 

pounds sodium sulphate, and 100 pounds of magnesium sulphate. 

In case of the wheat, it is to be observed that rotation effected a 
larger increase in yields than the following annual applications of 
chemical fertilizers in continuous culture: 400 pounds of ammonium 
salts; 792 pounds of a mixture of ammonium salts and superpho.s- 
phate; 792 pounds of mineral salts containing both phosphate and 
potash; and a mixture of chemicals containing, in addition to sodium 
and magnesium sulphates, 200 pounds of ammonium salts, 392 pounds 
of superphosphate, and 200 pounds of sulphate of potash. The effec- 
tiveness of the fertihzer applications made on plots numbered 7, 8, 9, 
and 2a (Broadbalk field) is, in each case, greater than that of rotation. 
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This greater effect, however, has little or no meaning from the point 
of Tiew of practical farming, since these fertiUzcr applications are so 
at variance with modern fertilizer practices. Even an annual acre 
application similar to that made on plot 6 may be regarded as exces- 
sive; if not excessive, certainly uneconomical. 

The value of rotation in maintaining the barley yields is greater 
than that of 392 pounds of superphosphate, in continuous culture, or of 
a mixture of chemicals containing 392 pounds of superphosphate and 
200 pounds of sulphate of pota.sli. In comparing plots 4-A, Hoos field, 
and río. 6, Broadbalk field, it appears that this particular fertilizer 
treatment is much more effective on barley than on wheat. 

Of the different fortihzer treatments indicated in Table 2, only 
two can be considered in further studv: No. 6 on the Broadbalk 
field and 4-A on the Hoos field, since the treatments on these plots 
come nearest to being comparable with those on the fertilized plot 
2-C, Agdell field. 

BOTATION AND THE USE OF FERTILIZEKS CONJOINED 

In order to compare the effects of rotation antl the use of fertilizer 
when practiced independently of each other with their effects when 
these practices are conjoinetl, it is necessary that the same kind and 
(juantity of fertilizer be used per acre on a crop in rotation as when it 
is grown in continuous culture. On the rotation plots on the Agdell 
field, plot No. 2 in scries C receives the same kind of fertilizer salt« 
as plots No. 6 on the üniadbalk field and 4-A on the Hoos field. The 
ouantity applied per acre in each case, however, is not the same for 
the rotation period. Nevertheless, these are the best comparisons 
possible on the Rothamsted fields. 

In Table 3 are shown the kinds ami quantities of fertilizer materials 
that are applied on the three plots uncfcr consideration. 

TABLE 3.—FtrtilUer» applied on three plots at Rotkameted        I 

Cn» 

Poondt ofhrtiliHr Mill appUed p«r 10« Total 
per acre 
for each 
rotntion 
period 

(poundi) 

Field and plot N«. 
hwiil 
MlU 

-8«Mr. 
phoa- 
pbau 

Sulphate 
of 

potaib 
Sodium 
sulphate 

Matne- 
•lum 

■ulpbat« 

AfMia-C  goU^il«  
Bartty  

200 m an 1« am 
Lttaim  " i,m 
vttmt  

B*M4-A  Bari«** âôô 
am 

m m aoo 
iOO 

100 
100 

im 
100 

SMS 
IMS BlVMlbalk«  WlMel> 

■ Equal parts of ammonium tulphate and aiunaQlaiD <iilarM*> 
' Continnonl «ulture, fertilinn applied aaaatUy. 

It is to be observed that nearly three times as much fertilizer is 
used per acre on the plots in continuous culture per rotation period 
M on the plot in rotation. Furthermore, on the Agdell field no 
«urect application of fertilizer is made to either wheat or barley in 
the rotation. Barley thus receives the residual effects of the ferti- 
lizer one year after its application in the rotation, and wheat receives 
these effects three years after. These pointa must be kept in mind 
when the following results are considered. 
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la Table 4 are presented the yields of wheat on tlio Broadbalk 
and Agdell fields for each year that wheat has been grown in rotation 
on the latter field. In Table 5 are given similar ilata for barley. 
These results are here given in detail so as to form the basis for fur- 
ther study. 

TABLE 4.—Yields of wheat grown in eontinuoiui culivre and in roMMon, Rothamsted 

{Yields In Winebester or Amarlcan boihelsl 

Years 

YielOs  per  ecr«  on  the 
Broadbalk fWld, coatio- i 
nous culture 

Yields per acre on the Af 
dell Held, rotatlta 

UnfertUlied 
plot 3 

Fertm»Hl 
plot 6 

UDfwtlllud 
plot 6-0 

nrtniMd 
piot»-C 

1881 
BuriteU 

16.38 
17.64 
18.116 
17.80 
».16 
«.«8 
&80 
4.80 

14.33 
15.35' 
111» 
10.32 
13 38 
7.84 
B.3» 

13 «0 
13 4« 
»4» 

33.23 
2a 80 
3a 81 
40.8» 
16.35 
17. M 
16.80 
10 84 
38. SI 
34.00 
38.98 
21.80 
ias5 
18.37 
34.67 
17.7» 
27.55 
30.13 

JMUb 
3». 41 
30.38 
38.38 
3A.32 
21.67 
31.2» 
33.33 
10 71 
3a 33 
38.45 
30 44 
33.»» 
31.33 
ia74 
33.08 
35.38 
6.50 
3.81 

»Uttil 
3B.ao 

1888        .     , 38.57 
US»     41.03 
1883  47.60 
1887                           34.51 
1871 .... .   .......  »4.76 
1875     33.«0 
187»  1         ao 
1883  1               48.87 
1887  '               43.80 
UBL  48.«» 
188S                  4a38 
188»       44.38 
IgOS  tau 
U07  SOM 
l»ll  !          ».a 
1915     10 84 
1819  xtr 

Average (18 crops)   13.38 33.58 M.0S SI 4* 

TAB LB 5.—Yielda of harhy grown in conlinuoua cnUure and in rotation, Roüuintted 

[Yleldi In Winchester or American busbeb) 

Years 

1853.. 
1857.. 
1861.. 
1865.. 
1MB.. 
1873.. 
1877.. 
1881.. 
1885.. 
188».. 
1893.. 
1897.. 
1901.. 
1905. 
190». 
1913. 
»17. 
1931. 

Yields per acre on the 
Hoot field, oontinaam 
culture 

Yields per «or« on tb* Af 
delTlMd, rotuloa 

UnfertUlied      Fertilised      Unfertillied '    Fertilised 
plot 1-0 plot 4-A     ;     plot 6-0 plot 3-C 

Average (ISfTops). 

BuêhtU 
26,57 
28.9« 
16.77 
18.58 
15.74 
14.45 
17.67 
18.45 
9.55 

11.01 
8.41 
5.20 
8.30 1 
8.71 

13.43 ! 
21.78 
8.15 
7.84 

ButhtU 
38.47 
59.23 
56.38 
47.9» 
50 83 
4&38 
5Z12 
43.96 
83.02 
36.8» 
31.73 
31.48 
25.54 
36.64 
45.73 
65.64 
17,75 
31.27 

BuMktU 
35.48 i 
50.05 
3».86 
40.28 
25.41 I 
34.38 
3135   : 
37.61 
1Z81 I 
11.35 
17.43 
11.87 
33.9» 
7.53 

10 33 
25.38 
158 
3.48 

14.0« 41.8« 21.81 

ButMt 
3aL47 
4». 54 
63.57 
49.02 
44.25 
33.77 
35.86 
36.51 
85.8« 
27.48 
20,90 
31.23 
27.09 
33.41 
84.47 
38.M 
15.48 
38.13 

35,27 

The results of a study of the averages of these wheat and barley 
yields obtained at Rothamsted are summarized in Tables ß and 7. 
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-Effect» oj crop rotation and the use of JerHlUer» on t)<- yieldt of tcheat 
and barley at Rothamsted 

iRotaUoo UKt tertUUation motiotd Mpuatalyl 

Crop and cultural oondltlona 

Rotation without (ertiUMtton (r) >.  
Use of fertUlur without rotation (/) >  

Barley: 
Rotation without fcrtUiiatlon (r)..„ 
Uae e< fertlllier without rotation (/)_ 

ATenia 
yield per 

acre 

Relative 
j   value of 

Inorewe  ! crop rota- 
over ohaek jUonaioom- 
plotinoon- pared with 

Unnous   | fntlllior In 
culture (()     effecting 

largor 
ylslds < 

«I»??hrt3ïiiï'y5.'*' """^ obtained by dividió« UM inenue tram rotation (r) by the IncraMe bom the 

Î lïïîil 'i I^SiZ^ H"^ of rotation when praotloed lodepttidMitly of hrUlliatlon. 
I Small / indicates the effect of fertUlution when praotloed in the aboenoe of rotation. 

It is to be observed that, in case of wheat, crop rotation without 
fertilization is 104.2 per cent as efficient as the use of chemical fer- 
tilizer without rotation in effecting increases over the check plot in 
continuous culture; whereas in case of barley, rotation is only 27.8 
per cent as effective as the chemical fertilizer. 

In Table 7 are shown the conjoint effects of crop rotation and the 
use of fertilizer. Under the caption heading of the fourth column 
are given the values of rotation (Ä) and the use of fertilizer (/*'). 
Capital R represents the average increase in crop yield that waa 
effected bv adding rotation to cultivation and the use of fertilizer, 
as derived from tTu« formula efr - cf; and capital F represents the 
average increase that resulted when to cultivation and rotation was 
conjoined the use of fertilizer, as derived from the formula cfr - cr. 

In the fifth column arc given the relative values for li, as obtained 
m each case by dividing the absolute value for Ä by the absolute 
value for F. 

In the lust two subcolimrins are compared the simi of the increases 
effected bv rotation and fertilization when practiced independently 
of each other and the actual increase effectecf when the two practices 
are combined. 

TABUC 7.—Relative value* of rotation arid additive effect» of rotation and the u»t of 
fertilizer» when the two practice» are combined 

(Rothamited, reetilU oí n yean] 

' ''■" 

Cultural condiUona 
Averan 

yield 
per acre 

Values of R 
aadJ*'   :. 

Additive affects of 
rotation and fer- 

•    «Illation 

Crop 

rsi- vu 

K 

ííí •)1T.' * 
Relative 

value 
of Ä' 

■   ' 

Sum of 
Increases 
effected 
by rota- 
tion and 
lertlUia- 

tlon «• hen 
practicnl 
separate- 
ly (r+D 

Actual 
increase 
effected 
by oon- 
Jolning 
rotation 
and fer- 
tlllta- 
tlon 

A*::::: RotocMiaatfnef«^tar. 
ButlitU 

aa.« 
BtuheU 

«LSI 
-*«a 

S.** 
Pa em 

10&« 
Buthtiê 

tttr 

W»3B'Í?' R.'P'Hoatas Inenue effected by adding rotatten to fertilltatlon.   Capital P Indicates Increase 
.*íí*? ''y a'l'llng fertiliiatlon to rotation. 
• Relative value ot Rn H:F,m R-<-F. 
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It ifl to be observed that the increase (K) effected in the yield of 
■wheat by adding rotation to the use of fertilizer is about equal to 
the increase {F) effected when the use of chemical fertilizer is com- 
bined with the practice of rotation. Tliis is indicated by the rela- 
tive value of 105.6 per cent for R. In case of barley, R has an abso- 
lute negative value of — 6.62 bushels, or a negative relative value of 
— 49.2 per cent. These negative values for R may be explained, 
at least in part, by the fact that the fertilizer treatments given to 
barley in rotation and continuous culture are not exactly compara- 
ble, since no fertilizer is applied directly to the barley crop in rota- 
tion, whereas in continuous culture a liberal direct application is 
made annually.    (See Table 3.) 

Combining the rotation and fertilization practices effected a total 
increase over the check plot in continuous culture, of 20.16 bushels 
of wheat, which increase is ^eater than the çain resulting from either 
rotation or the use of fertilizer alone. This fact defines and illus- 
trates the meaning of the expression " additive effects of rotation and 
the use of fertilizers" as it is used in this bulletin. ITiis definition 
is in harmony with the meaning " tending to increase." That is to 
say, the 3^ela of wheat, for example, is increased when to rotation is 
added the use of fertilizers, or when to the use of fertilizers is con- 
joined rotation. 

Three possibilities may result from conjoining the practices of 
rotation and of fertilization: The total increase resulting may be 
equal to, less than, or greater than the sum of the increases effected 
by rotation and fertilization when practiced independently of each 
other. In describing these additive effects the following expressions 
are used: "Fully additive," "less than fully additive, and "more 
than fully additive," respectively. The data in Table 7 show that, 
on wheat, the effects produced in conjoining rotation and the use of 
chemical fertilizer are somewhat less than fully additive; while in 
case of barleVj the combined effect« are not additive, reflecting, no 
doubt, the difference in fertilizer treatments and the different habits 
of the barley plant as compared with wheat. 

In discussing the yields of barley grown in continuous culture, 
Lawes and Gilbert stated that resulte, as compared with wheat, 
were dependent on the differences in the habits of the two plants. 
Wheat, Dccause of its greater root system, gains possession of a much 
greater range of soil, especially in depth, than barley ; barlev, on the 
other hand, is a surface feeder and hence relies in a much greater 
degree on the nutrients within the soil near the surface. Accord- 
ingly, barley is found to be more benefited by direct applications of 
fertilizers than is wheat when sown under equal soil conditions (9, 
p. 100). 

DIAQRAUUATIC   SUMMARY   OP   R0THAM8TED   RESULTS 

Figure 2 represents in diagrammatic form the average wheat and 
barley yields that have been obtained on the four Rothamsted plots 
herein considered, summarizing the following points: ITie portion 
of each yield (in bushels) that is credited to cultivation alone (c), 
that is, the yield obtained in continuous culture without fertihzers; 
the increase effected by combining rotation or the use of chemical 
fertilizer with cultivation; and the total increase effected, over culti- 
vation alone, by conjoining rotation and the use of fertihzer. 
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The thirtl bar in each of the series of results shown in the chart 
is the most interesting. The total pain above the check plot in 
continuous culture, as indicated in each series, is the actual increase 
effected when to cultivation are added the conjoint effects of rota- 
tion and fertilization.    Here no assumptions are involved. 

When to rotation is added the practice of fertilization, the actual 
increase obtained in the jieki of wheat i.s 8.44 bushels. This in- 
crease, which may be indicated by capital F, is shown by the di- 
agonal hachure at the top portion 
01 the bar. On the other hand, 
when to fertilization is added rota- 
tion, the increase effected is 8.91 
bushels, wliich increase may be 
indicated by capital R, and is snown 
by the diagonal hachure below the 
figure, 20.16, indicating the total 
gain. The unha<hured portion of 
the bar represents 2.81 bushels, 
being a part of the total gain; but 
there is .no way to determine just 
how much of this undivided gain 
should bo credited to rotation and 
to the use of fertilizers. This un- ji ^ 
divided increase measures the in- S 
teractive effects of rotation and ' 
the use of fertilizers when these two 
practices are conjoined. These 
effects may be interpreted in three 
ways: (1) When, under the condi- 
tions of these fertility experiments 
on wheat, rotation of crops and the 
use of fertilization are conjoined, 
the effectiveness of rotation, as 
determined when rotation is prac- 
ticed in the absence of fertilizers, is 
reduced and the efficiency of the 
fertilizer remains the same as when 
it acts apart from rotation; or (2) 
the effect of crop rotation remains 
the same and the effectiveness of 
the use of fertilizers is diminished ; 
or (3) it may mean that the efficiency of both rotation and the use 
of fertilizers is diminished in the same or in different degrees. 

The unallocated value as shown by the unhachured portion also 
shows the difference (2.81 bushels) between the sum of the increases 
effected by rotation and the use of fertilizers when acting indepen- 
dently of each other and the actual increase obtained as a result of 
their combined effects, but just how much should be subtracted from 
the separate gains effected oy rotation and the use of fertilizers can 
not be determined. 

In case of barley, R has a negative value of —6.62 bushels, due 
probably to the fertilizer treatments not being exactly comparable. 
Whether or not rotation would have effected any increase at all if 

60686—26t 3 

^^&4av que TV C4ÍOP«^,irr/añ/ 

no. î—Chart iummnrlilnK thiî conipurable 
Jl*lds obtatnecl with wheat »a<l borloy at 
Kothamsted, abowioK the proportion of each 
yield (in bushels) that is creillteU to cultl- 
ration alone, the Inowaw eflwte«! when crop 
rotation or the UM vi fértillter la added to 
cultiratioD. and the total iDcnaaa over cui- 
tlvatlon when rotation and tb* UM of fer- 
tiliier are conloined. AO-O, plot ft-O on th« 
AcdeU flald; BS, plot 6 on the Broadbalk 
neld: U4-.\., plot K-K nn th« Hooa field; 
A3-C, plot 3-C; oo the Agdell field 
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conjoined with fertilization under more comparable conditions 
remains a question. Nevertheless, the division of the third bar 
in the barley series illustrates the actual results obtained under 
the conditions of the experiment: Cultivation alone gave an 
average yield of 14.06 bushels; combining rotation with cultivation 
effected an increase of 7.75 bushels; and combining fertilization with 
cultivation and rotation resulted in an additional increase of 13.46 
bushels. This seems to be the more reasonable and practical inter- 
pretation of these results, especially since the conjoint action of rota- 
tion and fertiUzation effectmg the total increase of 21.21 bushels 
over cultivation alone involves the fertilizer treatment made in rota- 
tion on the Agdell field and not the annual appUcation made in 
continuous culture on the Hoos field. 

COLUMBIA EXPERIMENTS WITH WHEAT, COBN, AND OATS 

The long-continued experiments at Columbia, Mo., were b^un 
in 1888 (11). Comparable yields suitable for this study begin with 
the year 1889 for wheat, 1890 for corn. 1891 for oats and 1896 for 
timothy. These experiments now include 39 one-fourteenth-acre 
plots, of which the following are herein considered : ^ 
Six-year rotation, corn, oats, wheat, clover, timothy, and timothy: 

Plot 13, unfertilized. 
Plot 3, fertilized with chemical fertilizera. 
Plots il, 12, 14, 19 and 20, fertilized with farm manure. 

Four-year rotation, corn, oats, wheat and clover: 
Plot 39, unfertilized. 
Plots 34, 35, 37 and 38, fertilized with farm manure. 

Three-year rotation, corn, wheat and clover: 
Plot 27, unfertilized. 
Plot 28, fertili'.ed with farm manure. 

Two-year rotation, wheat and clover. 
Plot 33, unfertilized. 
Plots 3Í and 32, fertilized with farm manure. 

Corn in continuous culture. 
Plot 17, unfertilized. 
Plot 18, fertilized with farm manure. 

Oats in continuous culture; 
Plot 16, unfertilized. 
Plot 15, fertilized with farm manure. 

Wheat in continuous culture: 
Plot 9, unfertilized. 
Plot 2, fertilized with chemical fertilizer. 
Plots 6, 10, 21, 24, 30 and 36, fertilized with farm manure. 

Timothy in continuous culture: 
Plot 23, unfertilized. 
Plot 22, fertilized with farm manure. 

As in case of the Rothamsted experiments, no provision has been 
made for a repUcation of the plots representing the different rotations. 
For this reason, unfortunately, the effectiveness of the four rotations 
can not be compared, since, for example, the average yield of corn 
in one rotation represents a different combination of seasonal effects 
than the average yield in another rotation. However, in all the 
systems of cropping the effect of rotation on crop yields may be com- 
pared with the effectiveness of the use of farm manure, and, in case 
of wheat in the 6-year rotation, with the use of a complete chemical 
fertilizer. 
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le 

The äoil on which the Missouri experíments are conducted is des- 
ignated as Putnam silt loam. It is described as a dark brownish 
Cray soil "9 to 12 inches deep, grading into a grayish subsurface 
ayer 4 to 6 inches thick." Below this there is another gradation 

into a brown, heavy clay loam, rather impervious in character. At 
depths from 13 to 18 inches tlie soil is a yellowish-gray, silty clay 
loam, more friable than the lay®r above it. " The surface drainage 
is generally good. * * * Tftie soil of the field is * * * fairly 
uniform in fertility." As a rule, Putnam silt loam is in need of lime 
(10, p. 5). The Missouri experimental results herein presented have 
been obtained on an unlimed soil. 

EXPEEIMENTAX   DATA 

Since, in these particular experiments, the different fertilizer treat- 
ments in continuous culture are the same as those in rotation, it 
seemed best, at the outset, to present in detail all the data on which 
this study of the Missouri experiments is based. The data are given 
in several tables, eac-h table containing comparable yields of a partic- 
ular crop grown both in rotation and in continuous culture. In 
Table 8, for example, are given the yields of corn obtained on the 
unfertilized and manured plots for each year thai it has been grown 
in the 6-year rotation, up to, and including, 1916. In the other 
portion of the same table are given the jrields on similarly treated 
plots in continuous culture for each year that com has been grown 
m the rotation. 

8IX-TKAR   ROTATION   AND  CONTINÜODB  CDLTORB 

TABUC 8.—ComparM« yitUU of corn in the 6-year rotalion and in eontinuou* 
culture, Uiêêouri 

lYMd* ID tiuÉMU vm tai ^ 

t-ytu roUUon (ooro, oaU, wheat, olorer, Umotbr, 
Umothy) CODUDUOIU culture 

Y«K 

pMli 

Nofar 

plot 17 
manan,' 

plot M FtotU Flat 14 PlotlO 
ATtngi 

or 
tamnury 

ISM.... K7 
IS. > 

tl.t 
V.O 

n.» r.o 
7*7 
4S.I 
Sit 
a.0 

411 
a.g 
W.i 
17.1 
L« 
7.4 

(1.4 
1896. 3s.e 
1H3. 84.4 

M. 3 
ä'T »8.f. 

IMM a.» ia.4 
1810 30.4 

1«.0 
Sl.t n.« e.« 

wi«....i'iii;;i;ii;;::;;;;;;;;;; 3B.0 lie 

4Lt 44.C XL3 17.8 

' Tbe mean Application of manara la all 
0U9 culture. 

U t.8 torn par aore anoually, in both rotation and oontlnu- 
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TABLE 9.—Comparable yields of oatt in the 6-year rotation and in eotUinuou* 
culture, Misaouri 

[Yields in bushels per acre) 

6.year rotation (com, osta, wheat, dover, tinjothy, timothy) 

  

Cftprtimm# 
ooltora 

Year 
No(er- 
ttliter, 
plot 13 

Farm manure 
Nolar- 
tiUier, 
plot 16 

Farm 

Plot 11 Plot 12 Plot 14 Plot 19 Plot» 
Average 
or sum- 

mary 

ma- 
nure, 
^0115 

1803 21.9 
32.8 
16.7 
13.8 
51.1 

27.8 
36.7 
28.0 
18.5 

37.8 
36.7 
38.0 
3ai 
«as 

17.8 
ia.4 
7.8 
5.0 

517 

».. 
1800 3(7.3 

ISll 
J8U               17.4 

  
24.0 32.5 17.» 

cas 
S&l 

1917  66.1 

5-year average. 27.3 M.e 1811 a.« 

TABLE 10.—Comparable yields o} wheat in the 6-year rotation and in continuou» 
culture, Mitsouri 

(Yields in bushels per acre) 

6-year rotation (com, oat«, wheat, 
clover, timothy, timothy) 

Continuous ctiltare 

Year 
1 
L 
T 
a 
2 

Farmmanon 1 

1 
o 
a. 

8.2 
2Z0 
15 6 

Í 
O 

2a6 
38.3 
28.7 
27.» 
7.7 

34.3 

Farm manare 

1 
P4 

1 
^ 

1 
16.2 
44.0 
43 3 

i 
8.1 

34.3 
23.3 
17.1 
12.6 

S 

1 1 
11.8 
43.3 
24.1 
24.1 
12 1 

1 
17.0 
3». 3 
23.6 
23.1 
ia7 

Si 

1 
S 

è 

üb 

6.5 
33.0 
39.3 
ia8 
14.0 
16.8 

2ai 

17.7 
38.7 
43.3 
24.1 
22.0 
34.2 

16.2 
44.0 
41 1 

16.0 
4a7 
25.2 
las 
12.5 
3a3 

sa« 
41.3 
28.5 
11.4 
IZO 

33.0 
33.0 
27.3 
34.8 
lao 

18.0 
1895 38.6 
1901 28.3 
1907 26.4 

22.5 
28.41   7.1 
21. o!    1.3 
34.3 21.0 

18w6 
1912     23.3 22.0 16.1 

34.3 
11.7 

1918  sa3 
6-yearaTerage. 30.0 3a9 12.5 26.4 

" 
33.4 

> The annual application of complete chemical (ertlliier for wheat on ploti 3 and 3 are the same.   (8«e 
Table 22.) 

TABLE U.—Comparable yields of timothy in the 6-year roUUion and in continuous 
culture, Missouri 

[Yields in pounds per acre] 

6-year rotation (com, oats, wheat, clover, timothy, timothy) Continuous culture 

Year No fer- 
tiliser, 
plot 13 

Farm manor« 
Nol»r- 
tiliier, 
plot 33 

Farm 

Plot 11 Plot 12 Plot 1» Plot 20 
Average 
or sum- 
mary 

manure, 
plot 22 

1890  1,790 
3,930 
1,900 
4,600 

130 
3,636 
2,820 

124 
3,192 

3,120 
6,860 

4,600 5,040 4,283 
6,860 
6,000 
6,700 
2,167 
7,493 
8,320 

766 
6,818 

2,290 
4,760 
3,480 
3,400 
4,500 
3,650 
2,146 

546 
3,276 

6,790 
18J1                   7,600 
Xggg  5,000 6,840 
18»7                6,700 

2,750 
7,398 
8,320 

6.100 
1903  1,750 

7,840 
3,000 
7,240 

5,700 
1908  7,812 
1909 6.082 
1914 766 

6,818 
889 

1918                    6,888 

9-year averase.. 2,446 6,37» 2.894 5,860 
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FOUR-YEAR   ROTATION   AND   CONTINtJOÜB   CULTURE 

TABLE 12.—Comparable yields of corn in the 4-year rotation and in continuous 
cvlture, Missouri 

(Yields io busbals p«r saol 

4-]r«ar roUUon (oorn, oat«, wheat, dortr) Continooui ooltora 

YMT Nehr- 
tfllMr, 
pMM 

> 
rvnmaiuii« 

No fer- 
UUier, 
pJotI7 

PMM Plot» Plots? PMI8 
Averag« 
or ram- 

mary 

manure, 
plot 18 

UM.  ts.» 

M.0 

aas 
34.0 
ai. 7 
78.1 

aa» 
84.0 
SI. 7 
78.8 

41.1 
17.1 
23.« 
38.0 

aa? 
3a3 
35.a 
78.4 

18M  
ISH  
IKO  »0.7 
IMS  
1811  n.t 17. S ti. 8 as.8 84.3 

as.a 13.3 
38.0 

38.1 
48.7 Wl«  4». s «1.8 

S-Ttar tvtnt».. »a 47.7 38.a 44.S 

TABUE 13.—C»mpanMe yield» of oaU in Uu 4-yaar roUUion and in eontinutnu 
culture, Missouri ^     'i* 

(Yleldi In busbct« per aere) 

4-j«ar ratalioD (eom. oata, wheat, eiover) 

Year Nohr. Pmnmamm 
No to- 
tUlMTj 
plot fe Flat34 Plot 35 nota? Plot as 

A Venice 
or sum- 

mary 

Farm 
manare, 
plot IS 

UBI  31.8 
31.8 
313 

38.7 
aas 
33.3 

38.7 
4aa 
SZ3 

18.4 
38.1 
13.4 

K8 
43.2 
27.3 

1885  
1899  
1903  
1907  318 

3a3 
3aa 

37.8 
14.4 

87.8 
4a3 
4Z« 

21.9 
28.8 
28.0 

 H.'i 
.     32.4 

8a2 
191J  iäs 

418 
81.8 83.8 

1918  *"""""•" 
a-year averace.. 37.» 87.3 23.4 

TABLE 14.—ComparabU yield* of ioheat in the 4-year rotation and in eonlinuouê 
culture, Missouri 

(Yielda Io bosbel* per acre) 

4-yaar rotattco (eom, oats, wheat, 
dover) 

ConUnuoos culture 

Year 1 

o 

Wwnn ouuiim • 

1 

o 
2 

Farm manure 

1 1 
^ 

1 h •o e 

1 1 
8 

1 1 li 
188«  25.8 

14.0 
28.7 
34.0 
2a8 
21.7 
13.8 
3ao 

37.8 
37.2 
31.8 
15.7 
»7.8 

38.« 
18.2 
37.8 
37.2 
31.8 
15.7 
38.5 
3«. 4 

8.3 
0 
1.7 

16.8 

'Ó" 
8.8 as 

8.1 ia.0 11.8 17.0 2a« 23.0 
4.0 

14.7 
27.2 

ii'ï 

18.0 
1883... 4.0 
1897.. 13.8 

23.3 
1Z4 

is.'«' 
  

S.1 
25.2 
15.4 
15 2 
1&« 
la« 

84 
311 
15.8 
11.7 
17.4 

82 
23.8 
15.0 
13.8 
17.3 

14.8 
28.5 
2«. 7 
ia4 
23.5 

11.0 
1901..,. 
1906.... 17 7 
1909  1 
1913.. 38.8 

88.4 
3S.I 34.8 18.5 

la« 1917  
»}!-" 

8-year 
averase 23.8 3S.S 4.8 US   
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THKEE-YEAR   ROTATION  AND CONTINUOUS  CULTURE 

TABLE 15.—Comparable yield» of com and wheat in the 3-year rotation and in 
eontinuoiu culture, Mitaouri 

rvieldf In boabd« p«r acre] 

. Com 

Year 

Wheat 

Y«tf 

3-year rotation 
(com, wheat, 

dovar) 

Continuous 
culture 

S-year rotation 
(oora, wheat, 

Continuous 
culture 

Nofer- 
tlllier, 
plot 37 

Farm 
ma- 

nare, 
plot 38 

No fer- 
tuu», 
plot 17 

Farm 
ma- 

nure, 
plot 18 

Farm 
ma- 

nare, 
plot 38 

Noler- 
Ullxar, 
plotO 

Farm 
ma- 

nare, 
aver- 
aiaof 

«Id9t«< 

1800  38.4 4S.8 
34.8 
51.4 
37.9 
88.6 
77.6 
66.9 
33 7 
34.7 

41.1 
34.9 
31.0 

«a? 
34.0 
48.4 

1880  140 
9.3 

37.8 
5.0 

•a 3 

1&4 
34.3 
43 3 
15.7 
XI It 

8.3 
«,3 

33.0 
37 

15.« 

UIO 
10i3 
38.« 

1803  
180« -  

34.3 
34.0 

1893  
1895  

1880       3S.6 19.4       31.9 
38.0       79.4 
11.9 1     64.3 

1898  8.0 
1903 1     85.3 1901  35.3 
1906 Í     «a7 1904  \ 
1907       47.3 11.7 

1.9 
7.0 
7.4 

33.4 
«,5 

19.3 
14.« 

1908  &9 !     39i3 
11.«       33.« 
18,1 i  
13.5 I  

7.1 
5.0 

sai 
as 

lOil 
1910 i     18.« 1911  10 1 
191».       13.9 1914  3&4 
1916  

Avaras«.... 

19.« 1917  

Ayeraga  

lao 
33« 5L0 18.4 39.0 14.4 1     3.8 0.7 sat 

> Average of plots 5,10, 31,34, 30, and 38, continoaas eoltore. 

TWO-YEAR   ROTATION   AVD   CONTINUOUS   CULTURE 

TABLE 16.—Comparable yields of wheat in the S-year rotation and in eontinuoiu 
culture, Misêouri 

[Yields In bushels per acre) 

801. 

'I öl 

,05.. 
Ifl7.. 

■^99.. 
01.. 
08. 
05- 
07. 

10 09. 
W 11. 
19 13. 
19 15. 
I    17. 

Year 

Average.. 

9-year rotation 
(wheat and 

clover) • 

No fer- 
tilizer. 

Farm 
ma- 

nure, 

CoBtianoas ealtan 

No fer- 
tilizer, 

Farm manor« 

P""33   pl^Sl    Plo'»    Plot 5 

33.7 
33.3 
8.3 

34.7 
13 6 
37 

30.9 

10.0 
13 8 
14.3 
16.9 
25.7 
11.7 
20.7 

21.3 
31.4 
9.3 

43.3 
30.3 
14.8 
38.2 

8.2 
24.« 

18 4 

11.1 
24.2 
13 1 
33 6 
27.8 
25.1 
27.4 

230 
1.7 
37 

15.6 
11.5 

7.1 

34.9 

5.0 
8.8 
30 
0 3 

9.1 

81 
37.3 

34.3 
13.8 
13.6 
23.3 
17.3 
13 4 
17.1 

6.5 
16.9 

Plot 10 Plot 21 Plot 34 Plot 30 

15.0 
31.3 

4a7 
6.1 

15.8 
25.2 
lao 
15.4 
10 8 
18.2 
10.3 
16.9 
18 7 
109 

n.8 
aas 

17.0 
3a« 

43.3 
8.4 

15.8 
24.1 
6.8 

15.« 
34.1 
11.7 
30.« 
17.4 

39.3 
83 

13 0 
33.6 
7.» 

16.« 
23.1 
13.8 
38.8 
17.3 

sa» 
31.» 

41.3 
14.8 
15.7 
38.5 
7.4 

39.7 
11.4 
ia4 
18.4 
335 

FlotW 

3L0 
37.3 
4.0 

33.0 
14.7 
18.3 
37.3 

34.8 
31.9 
30.8 
30.9 

Awm- 

mary 

18.0 
39.0 
4.0 

38.6 
11.0 
15.3 
25.3 
11.0 
17.7 
18.« 
14.« 
19.1 
1&5 
18.7 
la» 
17.» 

Inasmuch as the efficiencies of the four Missouri rotations, as 
determined by comparing the average yields of the crops in common, 
are not comparable, because of the fact that the average yields of 
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the crops of one rotation roprosont different seasonal eflFects than those 
of another, the effects of rotation and the use of manure on the yields 
of each crop in the various rotations, as measured in terms oí crop 
increases, are simply averaged. Thus, from the foregoing expen- 
mentaJ data the average yields of each crop in continuous culture 
and in the different rotations are ftrst selected and arranged in table 
form, a table for each crop; then from these yields are calculated the 
increases effected by rotation and fertilization; and each of these 
sets of values, m turn, are averaged. The general averages thus 
obtained for a given crop express truer absolute values of rotation 
and fertiüzers, particularly of manure, because such averages include 
different combinations of crops and seasonal effects. 

Two groups of observations aro made: (1) A comparison of the 
effects of crop rotation and fertilization when tliey are practiced 
mdependently of each other; and (2) a comparison of the effects when 
rotation and fertihzation are conjoined. 

ROTATION   AND  rCRTILUATION   PRACTICBO  INDEPENDBNTLT 

In Tables 17, 18, 19, and 20 are summarized, from the foregoing 
tabl^, those average yields of wheat, com, oats, and timothy from 
which are determined the effects of both rotation and the use of 
fertilizers on crop yields when practiced independently of each other. 
In the columns to the right of the one containing the average yields 
are given the increases in yield (over the check plots in continuous 
culture) owing to crop rotation, the use of farm manure, and chemical 
fertihzers, respectively. At the bottom of each table are given, in 
terms of bushels of increase, the average absolute values of crop 
rotation and the use of farm manure, and, in case of wheat, an 
additional single comparison of absolute values of rotation and the 
use of chemical fertilizers. 

TABLE 17.—The effecU oj rotation and of fertilization on the yield« of wheat, thounng 
increatet over cultivation alone 

(Rotation and feittlliaUoD ptteUonX lodcpeodenlly o( Mcb other] 

Plot No. Cultural coDditioDi 
Arerage 

yield 
pet acre 

Sialuti 
aoii 
21.4 
3S.4 
13.6 

33.« 
14.8 
4.8 

14.4 
sai 
8.7 

U.« 
17.6 
«.1 

Average 
inoreeee 
due to 

rotation 

Averaie 
Increaie 

;   due to 
use of 

manure 

Avanve 
increMe 
doe to 
unot 

chemical 
fertUizar 

U 
6-yaar rotation and continuous culture: 

Rotation without ua« of chemical (ertl- 
lller  

ButtuU 
7.« 

BiuktU BmM* 
3 UM at chemical fertilizer without rota- 

tion  118 <. 10^ 21,34,30,3« Uie of tnanurp without rotation.  ia8 
8 No niinurf nnd no rotation   

1.10,21,24.30,3« 

4-year rotation and continuous ctilturc 
Rotation without the use of manura  
trae of manure without rotation.  

18.7 
 8.'8' 

8 No manure and no rotation  
! 3-year rotation and contlnaou« cultur« 

.              27:         Rotation without u» of manure  4.7 
s. ill, 21,24,80,3« Oie of manure without rotation..™  

No manure and no rotation.  
ia4 "* 

8 

31 
»,10,21,24,30,3« 

3-year rotation and continuous cultnra: 
Rotation without UM at manure.  
Use of manure without rotation   

8.1 
t.8 * 

8 No manure and no rotation.  

Average increase from rotation and use 
of manure  lai 

7.» 

lao 
Increase from  rotation   and uae at 

U.» 
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TABLE 18.—Effects of crop rotation ond of the u»e of farm manure on the ]fitlda 
of corn 

I Rotation and the use of manure practiced Independently o( each other) 

Plot 
No. Cultural condlttona 

pwacre 

Aventn 
lucre«« 
due to 

rototloD 

ATtraw 
Increase 
due to 
UMO( 

manare 

13 
6-year rotation and continuous culture: 

Rotation without use of manure,,..--.-.-...-.--...,.—-....,. 41. t 
BtuluU 

n.1 
Butlutt 

18 37.8 
las 
3&« 
44.5 
38.« 

33.8 
ta.0 
U.4 

7.6 
17 

39 
4-year rotation and continuous culture: 

mo 
18 It. 9 
17 

37 
3-year rotation and continuous culture: 

Rotation without use oí manure— ---..------...---- 14.3 
18 iäi 
17 

IM 14.7 

TABLE 19.—Effecla of crop rotation and of the use of farm manure on Ihe vietdt 
of oats 

[Rotation and the use of manure practiced independently o( eacb other) 

Plot 
No. Cultural conditions 

Averace 
yield 

per acre 

Averaaa 
Imreaae 
due to 

rotation 

AToraaa 
inerease 
due to 
oaeot 

maiuire 

13 
6-year rotation and continuous culture: 

37.3 
33.« 
Iti« 

37.9 
S3.« 
33.4 

BuOtU 
7.8 

«MUb 

15 Use of manure without rotation , 14.1 
16 No manure and no rotation  

39 
4-year rotation and continuous culture: 

Rotation without use of manure _ .„ 4.» 
IS Use of manure without rotation „ - (It 
Ifi No manure and no rotation    

Average Increase from rotation and use of manure  &2 1L7 

TABLE 20.—Effects of crop rotation and of the use of farm manure on the yields 
of timothy 

[Rotation and the use of manure practiced Independently of each other) 

Plot 
No. Cultural conditions 

per acre 

Avenge 
tneraaie 
doe to 

rotatlOD 

ATirafa 
Increaaa 
due to 
uaeo« 

manure 

13 
6-year rotation and continuous culture: 

Rotation without use of manure  
Pounit 

3,4« 
5,810 
3,884 

Pound» 
-448 

PouiMlf 
32 Use of manure without rotation  3,96« 
38 No manure and no rotation  

 1  

In Table 21 are summarized the data contained in the four fore- 
going tables. Timothy is not included, since results seem to show 
that this crop is not benefited by rotation under conditions of these 
experiments. 
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TABLB 21.—BffttU oj crop rotation and of the use o//ertilixer» on the yields of wheat, 
com, and oats at Columbia, Mo. 

(Rotation and fertlltiatlon practiced teparately] 

Crap 

WbeM... 

Con.. 

(ML. 

Cultural coodltlona 

.■■!■ f»5Vi: ' i 

Crap rotaltaBirltboat UM of manare (r)...,  
Use of manure without ratattoo(/)  
Crop rotatioo «ritliout use o< obrailoal (ertiUser (r). 
Use o( ctwniiciU (iirtiliter wltbout rotation (/)  
Crap rotation without use of manure (r)  
UM «I manare without rotation (/)  
Crap rotation without usent manara (r)...  
UM «(manoiewtttiout rotation (/)  

Av( .verace 
ylelT 

M.1 
19.1 
3ai 
311.4 
37.5 
37.1 
37.« 
33,1 

ATaMfle 
iDcrtaM 

over 
check 
plot in 

cantina- 
OUI 

mittue 
(«) 

BuàkéU 
la O 
lao 
7.8 

13.0 
15.1 
14.7 
8,3 

IL 7 

ItalaUva 
value or 
crop reta- 
llan, as 

oompared 
wltÊfer- 
UlUen, 

In eSeot- 
inglaiter 

yields 

Ptr eetU 
loao 

tt.7 

"iÔÏ7 

"¿i'ô 

These average results show that, under the conditions of the Mis- 
souri experiments, crop rotation without the use of manure is as 
effective in increasing the yields of wheat and com, over the check 
plots in continuous culture, as a mean annual application of 6.8 
tons of manure without rotation. In case of.oats, rotation proved 
to be slightly more than half as efficient as the use of manure. 

The 6-year rotation of com, oats, wheat, clover, timothy, and 
timothy practiced without the use of any fertilizer, is 54.7 per cent 
as efficient in increasing the average yield of wheat over cultivation 
alone as an annual application of a chemical mixture consisting 
of 495 pounds of sodium nitrate, 209 pounds of acid phosphate and 
111 pounds of muriate of pota-sh.    (See Table 22.) 

ROTATION   AND   THE   U8B   OF   FERTILIZEBS   CONJOINED 

Since, in the Missouri experiments, the same quantities of manure 
have been applied per acre annually on all the plots herein considered 
(meaç application of 6.8 tons per acre), the results in Tables-17, 18, 
19, and 20, showing the separate effects of rotation and the use of 
fertilizers, are comparable with the results showing the combined 
effect of these two practices. AB regareis the use of chemical fer- 
tilizers on wheat, the quantity that has been applied per acre in con- 
tinuous culture for the 6-year period is 5.53 pounds less than the total 
quantity applied to the crops in the 6-year rotation. This is shown 
in Table 22. 
TABLE 22.—Application of chemical fertiliter in rotation and continuous culture, 

Missouri 

Plot number Crop 

Kind and  quantity of ferti- 
llier materials used (annual- 
ly per acre) 

Total   quantities   for   O-year 
period (per acre) 

Sodium 
nitrate 

Poundt 
7M 
375 
4»5 
774 
4M 
4M 
405 

Add 
phosphate 

Muriate 
o( potash 

Sodlam 
nitrate 

Add 
phosphate 

Muriate 
of potash 

3 (rotation)... Com ........... 
Pound» 

301 
157 
30» 
345 
147 
147 
300 

Pound» 
138 
»8 

111 
318 
170 
170 
ni 

Pound» 

8,336 

3,370 

Pound» 

1,308 

1,3M 

Poundt 

Oats  
Wheat  «01 
Clover  
Timothy.  

3 (oontinuoui  cul- 
ture) 

wblV.v.:;;::;": 886 

80636—26t- 
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In Tables 23, 24, 25, and 26 are summarized from Tables 8 to 16 
inclusive, those average yields of wheat, corn, oats, and timothy 
which show the average effects of crop rotation and the use of fertiliz- 
ers on the yield of wheat, com, oats, and timothy when these two 
farm practices are conjoined. In the column to the right of the one 
contaming the average yields are given the average increases, over 
check plots in continuous culture, due to the conjoint effects of rota- 
tion and the use of manure, and in case of wheat, the conjoint effects 
of rotation and the use of chemical fertihzer. 

TABLE 23.—Average effects of the conjoint action oj crop roUUion and the IM« of 
fertiliiera on the yields of wheat, Mitêouri 

Plot No. 

11,12,14,20 
3 
S 

34,3«. 37,38 

Cultural coodltlons, rotation and obtck plot In omtinaooi cuitara 
ATM«(« 
yield par 

6-7aar rotation: 
Rotation and nse of mannre  
Rotation and use of chemical fertùiiërl 
No rotation and no fertilizer 

4-year rotation: 
Rotation and uso of manure  
No rotation and no manure 

3-yoar rotation :   
Rotation and use of manure  
No rotation and no manure 

2-year rotation:   
Rotation and use of manure  
No rotation and no manure II 

Average yield and increase effected by rotation and use of 
manure..   

^'/lin?"'* 'nereaae eilectèd'by rötätirä'änd'UM öföhräucäü' fertilizer .  

BuêMe 
ML« 
aao 
izt 

4.9 

313 
a.7 

OT«refa«ok 
plot In 

ocatinaou* 
ealtiiN, 
<tmto 

ntattoo 
•ad DM 

oftartOU- 

Ankdi 
18.4 
17. S 

S. 1 

a» 

i&e 

1&8 

2&2 

aao j 

TABLE 2^.—Average effects of the conjoint acHon of crop rotation and the 
farm manure on the yields of com 

1B.1 

n.» 
TTTTTr- 

v»e of 

Plot No. 

11,14,20 
17 

34,3«, 37,38 
17 

28 
17 

Cultural conditions, rotation and checlc plot  in   continuooj 
culture 

6-year rotation: 
Rotation and use of mannre  
No rotation and no manure   

4-year rotation:   
Rotation and use of manure  
No rotation and no manure   

3-year rotation:   
Rotation and use of manure  
No rotation and no manure IIIIIIIIIIIIII  

■*^î,SS?.t/'*''^ """^ Increase effected by rotation and use of 

Avcrace 
yield per 

acre 

BtuhtU 
44.8 
2a3 

47.7 
2&S 

ftl. 0 
18.4 

47.7 

OTir check 
plot In 

oontlnuoo* 
calture doe 
to rotation 
and use of 

manure 

Buthtlê 
24.2 

lai 

32.« 

25.} 



CHOP BOTAnON  IN RELATION  TO SOIL PEODTJOTIVITY 27 

TABUI 28.—Average effect» of the conjoint action of crop rotation and the u»e of 
manure on the yield» of oat» 

Plot No. Cnltunl ooodiUoDS, rouUon and cfawk plot In oontiDiioiu 
cultura 

t ! i        .Vi 

Average 
ylaldper 

aora 

ATMt* 
Incraaw 

over check 
plot In 

oontlnuoot 
culture due 
to rotation 
and UM of 

Bañara 

11,13; 14,19; 30 
S-ycor rotation: 

Rotation and usetf manttr«    
ButMt 

MS 
las 

AuMt 
IS No rotation aad no manure ..... ...... .... 

S4,U, 37.38 
4-year routlon: 

1« a 
IS No rotation and no manure  3S.4 i 

AT«nga ylald and UMraaa« afleotwi by rotation and OM 
ofmamm ^   

■ 

'*■■■ 'fU.i 

TABLE 26.—A»traçe effect* of the conioint action of crop rotation arul the u»e of 
inanur« on the yield of timothy 

PMKe. Ooltoral coodiUoai, rotation and check plot in 
cultura 

continuous Average 
yield per 

acra 

AveiM» 
Incraaae 

ovwebeck 
plot In 

oontlnoout 
culture du« 
to rotation 
and ate o( 
maimn 

11.12,19,30 
S-ytar rotatico: 

Itntatfnn AnH inM Af nrnnnvA 
Pomaät 

5,379 
2,8H 

Foutiét 
2,4» 

33 No rotation and no manara  

The average violds and increases given in Tables 21, 23, 24 and 26 
are summarized in Table 27, in which are given the relative values 
of rotation (R) in effecting increases when conjoined with the use 
of fertilizers, and the additive effects of the conjoint action of rota- 
tion and the use of fertilizers on the yields of wheat, com, and oats. 
TABLE 27.—Relative value» of rotation (R) and additive effect» on the yields of 

ivheat, com, and oat» tehen rotation of crop» and u»e of fertilizer» are conjoined 

Crop Cultural coDdltloru 
Averan 

yield 
peraen 

^heat    Rotation and use ol manure.! 
Rotation and UM of chemical < 

fcrtllit». I 
Corn    Rotation and me of manure. I 
"»t«   Rotation and use of manure. 

BunhtU 
28.3 
3ao 
47.7 
at.« 

Values of 
£and F 

;••;%*>.. 

-i 

Relative 
value o( 

fiutkeb ButhtU   Patent 
«.1 9.1 I       100.0 
3.« 9.9)        30.4 

las ia3 
&8 

103.9 
1&7 

AddlUv« elTecta of rota> 
tkn and use of ftftl- 
Uzer 

Sum of 

effected by     ,„™L 
rotation' ■■ J?S^^ 

and ase of > ®i:??i?i?J 
fertOlicr     «■nJofpIng 

when 
practiced 

aaparately 

rotation 
and uM of 
fertiliter 

2ao \ 
2l.fi ' 

39.8 j 
17.9 

£u<AeI> 
19.1 
17.8 

3A.3 
14. S 

■Relative value of R Li obtained by dIvidiD« the Increaae affected wbon rotation U added to euUlTatiOD 
and the use of fertilizer by the increase effected when tbe use of fcrtillier is added to cultivntlon nnd 
rotation. 
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The results tabulated in Table 27 show that when rotation of crops 
is added to the use of manure, under the conditions of the Missouri 
tests, it is fully as effective in increasing the yields of wheat and 
com as when the use of manure is conjoined with rotation of crops; 
or, in other words, the relative values of rotation (Ä) in effectmg 
increases in the yields of wheat and com are 100 per cent and 103.9 
per cent, respectively.    In case of oats, the relative value of R is 

*i^/y^>t7- CO^A/ Q^rs 

^^AV/ÎV ^¿/^ TO /^^/V£/je^ 

]ä^//V £>¿/^ TO C//£/^/C/9¿.  /=^jZT/JL/^^/Z. 

FIO. 3.—Chart visualizing the comparable yields obtained on wheat, corn, and oatj at Columbia, 
Mo., showing the average yields that have been obtained from cultivation alone, the incmn 
eflected by combining rotation of crops or the use o( fertilUers with cultivation, and the total 
increase eflected over cultivation due to the effects of conjoining rotation and the use a\ tertlllter 

only 33.7 per cent. In case of wheat, the increase effected by adding 
rotation to the use of chemical fertilizer is only 36.4 per cent as 
much as when the use of chemical fertilizer is added to rotation. 

The figures in the last two subcolumns show that when the prac- 
tices of crop rotation and the use of fertilizers are conjoined their 
combined effects in increasing crop yields are additive, though in 
each case the combined effects are somewhat less than fully adrfitive. 

Figure 3 represents in chart form the average yields of wheat, corn, 
and oats that have been obtained on the long-time fertility plots at 
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Columbia, Mo., illustrating the following results: The average yields 
that have been obtained from cultivation alone; the increase eifected 
by conjoining crop rotation or the use of fertilizers with cultivation; 
and the total increases effected, over cultivation alone, by combin- 
ing rotation and the use of fertilizers. 

In each of tlie bars in wliich are shown the additive eíTects of 
combining rotation and the use of fertilizer, the diagonal hachure 
at the ton represent« tlie value of the use of fertilizer (F), and the 
diagonal hachure below the unhachured space represents the value 
of rotation (Ä). The unhachured portion represents the value of 
the interactive effects of rotation and the use of fertiUzcr when one 
Eractice is conjoined •with the other; or it may sliow in each case 

ow much less is the actual gain due to the conjoint effects of rota- 
tion and fertilizers than the sum of the increases effected by rota- 
tion and fertilization when practiced independently of each other, 
that is, the value of r plus the value of/. It can not be determined 
just how niu<-li of the unallocated portion of the gain should be 
credited to R and F, in the one case, or how much should be sub- 
tracted from the values of r and /, in tlie second case. 

WOOSTER EXPERIMENTS WITH WHEAT. CORN, AND OATS 

The fertility experiments at Wooster (IS) were begun in 1893. 
Here a 5-year rotation consisting of corn, oats, wheat, clover, and 
timothy is under test; and the various plots are repeated five times 
80 as to give the yields of all the crops each year. Thus in these 
experiments an average j-ield of com, for example, in rotation for 
a period of sucx-essive years represents the same seasonal effects as 
the corresponding average yield of corn grown in continuous culture 
for tlie same years. The published results herein considered cover 
the 25-year period from 1894 to 1918, inclusive. 

Both the rotation and continuous-culture tests at Wooster are 
located on a silt loam of the Wooster series. The surface soil has 
a yellowish-brown color and a mealy structure and is underlain by 
a brownish-yellow, friable stratum having a silt loam texture. The 
soil had been subjected to exhaustive cropping prior to 1893; and 
in reaction, it is acid. 

In rotation, com, oats, wheat, clover, and timothy are grown on 
five tracts of land, eacli of which is divided into 30 one-tenth-acre 
plots. In continuous culture, com, oats, and wheat are grown on 
three tracts, each consisting of 10 one-tenth-acre plots. In all cases 
two fertilized plots, as Nos. 2 and 3, lie between two check plots, as 
Nos. 1 and 4. Four of the plots in continuous culture receive no 
treatment and six are fertilized, four with complete chemical ferti- 
lizers and two with farm manure. 

BXPKRIMENTAL   DATA 

In Table 28 are given the data on the fertilizers used on all the 
plots in continuous culture and on similarly fertilized plots in rota- 
tion. The last column of the table shows, for comparison, the aver- 
age yield on each plot indicated for the 25-year period. 

It is to be observed that, on the basis of the quantity of chemical 
fertihzers apphed per acre, the most comparable yields for corn and 
oats are to be obtained by averaging the yields on plots 2 and 3 m 
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continuous culture and comparing those averages, and the wheat 
yields on plot 2 in continuous culture, with the yields on plots 11 
in rotation; and in case of manure, bv averaging tlie jields on plots 
6 and 6 in continuous culture, for wneat and com, and comparing 
these averages with the yields on plot 20 in rotation. For reasons 
given beyond, the yields of oats on manured plot No. 5 in continuous 
culture are compared with those on plot 20 in rotation. 

TABLE 28.—Fertilizers used on the fertility plots at Wooster, Ohio 

Ut, pp. 583. 888, seo, 893] 

C0NT1NU0Ü8 CULTURE 

Crop 

FertUIier materials (quantities per a ere) 

Maann 

Totd 
pwati« 

annaallT 

'niid 
Flot 

NitraU 
of soda 

Dried 
blood 

Add 
phosphate 

Moiiate 
of potash mnnt») 

3 Corn   
Pound« 

160 
160 
130 
160 
160 
130 
330 
330 
380 
830 
330 
380 

Pound« Pound« 
«0 
aa 
48 

160 
160 
160 
130 
no 
go 

160 
160 
160 

Pound« 
30 
to 
80 

lOO 
100 
100 
60 

U» 
eo 

100 
lOO 
100 

Ttni Psund« 
380 
368 
348 
430 
430 
480 
an 
aw 
480 
880 
180 
ato 

Tanê 
xa 
xa 
xa 
8.0 
&o 
a.0 

BuAtU 
31. T 
r.8 Oats   

Wheat  60 
2 4ai 

Oats  
Wheat  80 

9 Corn .  413 
4&e 
n.o 
44>9 

Oats  
Wheat  80 

  
8 Corn - ... 

Oati  47.5 
SX8 Wheat  80 

3 Com...  xa 
xa 
xa 
8.0 
8.0 
8.0 

Oats..^  ■ 

Wheat  1 14.3 
6 Corn  S6.7 

t7.4 
**• 

Oats......  
Wheat  

ROTATION 

8 Corn.  80 
80 

160 

80 
80 

100 

Pound« 
160 4XS 

41.0 
ILO 

Oats  
Wheat  
Clover   
Timothy  ::::::":: 

9 Com  160 
160 
130 
100 

8Ô 
80 

100 
80 

*«0 
X«0 
370 
130 

3t.S 
3X3 
14.4 
4X8 
41 0 

Oats  
Wheat  80 

14 Corn  80 
Oats  
Wheat  130 

160 
160 
120 
80 
80 
60 

160 
160 
120 
340 
340 
300 

60 160 

IS 
160 
160 
160 
160 
80 
80 

160 
80 
80 

100 

in 430 
340 
340 
330 
330 
330 
346 
330 
330 
430 
4» 
4ro 
810 

TVtu 
4.0 

38.1 
4X8 
48.1 
38.4 
4a.» 
81.1 
M.8 
40.8 
81.1 
3X1 
4I.S 
aaT 
3X» 

4X0 
80.8 
19.7 

6 Corn   
Oats  
Wheat  60 

17 Corn  8Ô 
80 

100 
80 
80 

100 
80 
80 

100 

Oats  
Wheat  28 

U Corn  
Oats  
Wheat  60 

13 Corn   
Oats  
Wheat  80 

30 Com  4.0 
Oatt  
Wheat  4.0 4.0 
Clover  
Timothy  

18 Corn  8.0 &0 80.« 
40.6 
3<1 

Oats  " 
Wheat „   XO XO 
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In Table 29 is süiown the simil&ritv in the fertilizer treatments 
given to the five plot8 selected, as based on the quantities of the three 
major nutrient elements applied per acre. 

TABLE 29.—Quantities of the major nutrietU elemerU* applied in the form of chem- 
ical fertiliters and manure to five of the »elected Wooater piole 

(Jt.p.686) niti 

PM Drop Quantity o( material applM per acf« 
Natrlent elementa (per aor«) 

Nitncen IPhoaphorua PotMriom 

12,8 Com  
Chemical lertaiier In oontinootu cultor«: 

aas r>n"n<l5 anmiaDT 
JVurait 

36 
38 
36 

36 
36 
36 

33 
88 
33 

Pamtiê 
7.7 
7.6 

IL 3 

8.« 
S.« 

IL 3 

6.9 
9.9 
4.6 

7.4 

«7.4 

PMMb 
38.8 
ia7 
4L0 

S2.8 
82.8 
4L0 

21 
21 
14 

2X4 

«3X4 

Osa  84a.ft pound! annuity  a 
11 

WhMt  

Com  

480 pôundi annuaDyr  " II" 
Chemical krtUlier la roution: 

X30 poundf annnall V 
Oatt.  .....do„„..  
Wtmt  

Cora  

410 poooda annually 1.1."!"!"." 

>^6 
Manure In eantlnnonf coitnre: 

8-76 t^M Annually 

S 
Who«.  
Oata  

 do .,.. ...„....„.„.. 
2.S tona annually« „„. 

Manor« In rotation: 
4 torn  20 Com  

Oat»  
Whort.  4t«iü „ " 

>AT«nt«. >B««ldiial«Seot. 

In Tables 30, 31, 32, and 33 are given in detail the yields of corn, 
oats, and wheat on the plots which have been selected for study, 
both in continuous culture and in rotation for each year from 1894 
to 1913, and the average yields for the fifth 5-year period, 1914- 
1918. The gains per acre are also given. The gain in each case 
has been determined by taking the difTerence between the yield on 
the fertilized plot and the calculated yield on the same plot if it were 
not fertilized—the latter yield being determined by the " progressive 
method," assuming any variations in the soil between two successive 
check plots to be uniformly progressive. 
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TABLB 30.—Averag« yiddi of com, oal», and wheat, and gainé per aere, on plot» 
t and S in eonUnuouê culture for i5 year», Í894-I918, Wooster, Ohio 

Yields and gains per acre (bosbeli) 

Yma 
Com Oats WiMat 

Plots 
3 and 3 

fertl- 
llted 

Plots 
3and3 
unfer- 
tilited 

Oain 
due to 
(erti- 
llxer 

Plou 
3and3 

ferti- 
lized 

Plots 
2 and 3 
unfer- 
tilited 

Oaln 
doe to 
rerti- 
liier 

Plot 3 
ierti- 
litMl 

Plots 
UDfer- 
tllixed 

Qaln 
du« to 
hrtl- 
llMT 

last 23.1« 
37.09 
70.67 
26.23 
52.61 

18.41 
3Z36 
5Z06 
11.91 
3a 6« 

3.75 
4.83 

18.52 
14.32 
22.06 

31.00 
39 93 
41.80 
47.97 
41. «4 

35. «3 
33.78 
23.13 
2«. «7 
2e.M 

6.47 
«.14 

18.67 
18.30 
16.00 

19.00 
14.83 
Í.M 

33.83 
38L17 

13. M 
5.69 
1.18 

3a 17 
11.83 

8.46 
9.34 
4.90 

12«« 
14.3« 

UM  
laas  
uvr  
uas  

i-year average  41.74 39.04 12.70 4a 48 37.77 12 73 19 78 ia4« a. S3 

1890  40.33 
48.06 
49 82 
45.40 
32.14 

30.96 
26.38 
28.46 
14.86 
8.02 

19 37 
21.68 
23.36 
30.64 
34.12 

45.47 
38.91 
39 45 
45.71 
21.91 

^^33 
30.09 
2a 04 
3a 78 
4.88 

3a 34 
18.83 
19.41 
3193 
17.03 

18. 3S 
18.00 
3a 76 
36.00 
38.60 

IM 
3LB 
9.80 

13.44 
1244 

IS.» 
ISLTB 
la«« 
12 6« 
14.08 

noo  
l«Ol  
itog  
1«0B  

6-year average. 43.15 19 34 23.81 38.39 18.30 3a 09 31.90 8.17 13.7S 

1S04  34.21 
45.67 
41.69 
26.83 
27.97 

4.34 
2a 73 
31.69 
6.22 

13.6« 

19 97 
34.84 
30.10 
20.61 
16.31 

66.4« 
48.6« 
42.23 
28.17 
4a 23 

31.49 
37.27 
16.61 
1Z93 
17.49 

35.00 
31.38 
3S.61 
16.34 
23.74 

l&SS 
san 
19 33 
38.96 

4.« 
tt» 
9.» 
&.&3 
8.86 

488 
7.88 

lasa 
12 81 
3a 10 

1«06 .. 
1906  
1807  
1908.--  

5-year average..  33.26 13.08 30.17 

20.38 
14.49 
25.20 
24.43 
18.31 

43.13 

37.58 
36.21 
8.69 

68.0« 
33193 

31.16 

17.07 
32.81 
1.40 

31.75 
11.31 

31.97 

3a «1 
13.40 
7.1« 

3«. 34 
11.72 

17.41 

27.36 
33:17 
14. «7 
3.40 

19.83 

a.» 
laso 
8.73 
208 
.7« 

7.44 

11.21 
1909  30.61 

20.76 
41.00 
37.02 
28.73 

ia33 
6.36 

15.80 
1Z60 
ia63 

17.06 
16.43 
12«» 

1.87 
12 8» 

1910  

1912  
1913  

31.62 11.08 20.54 33.68 1Í.85 15.83 17.38 L4« 11.88 
5-year average,  1914- 

1918'  29.62 11.89 17.73 41.28 3a 93 
' '   '" 
sase 3133 «.M 1274 

26-year average  36.88 16.88 19 00 39.17 39.8« 18.31 19.74 7.77 11. «7 

I Annual yields not published. 
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TABLE 31.—Yield» of com, oati and wheat, and gain» per acre, on plot U in rotation 
for iS year», IS94~1918, Wooikr, Ohio 

a gax 
, Wo 

•** YMdt Md isliii per Mn (boiiMb) 

Y«an 

Corn <M8 Wbaa 

Plot 11' 
iBrtt- 
Uud 

Plot 11 
ttankr« 
tUiud 

Oaln 
duel« 

SS 
Plot 11 
hrti- 
liMd 

Plot 11 
Uunhr- 
tOited 

Oaln 
due to 
fertt- 
Uier 

Plot 11 
fertl- 
llud 

Plotn 
If UDfor- 
tUiied 

Oaln 
due to 
fertl- 
liter 

MM  
KM  

I&48 
41.14 
88.87 
83.88 
41.8« 

»38 
31.80 
63.86 
3133 
3X88 

130 
1146 
1171 
167 

18.68 

8138 
37.87 
37.84 
«1.6« 
4138 

81.30 
31«« 
2108 
4164 
37.8« 

1108 
11 »1 
1136 
1103 
1132 

1164 
1183 
104 

3168 
8187 

118« 
100 
1.38 
183 

118« 

-143 
7.88 

1888  7.7« 
1107          3176 
13(8  17.71 

S-y«ar «vente  41.88 316« 1173 43.61 31«» 1182 2163 

22.83 
11. «7 
37.26 
37.33 
3136 

180 

1«4 
1.00 
184 

1138 
3180 

1173 

1888   
ISOO „  

17.88 
4&«B 
78.88 
7a 86 
18.84 

M.*7 
M.8e 
48.88 
48.38 
141 

18.88 
sLae 
37.01 

-317« 
1133 

3:S 
87.08 
6183 
4106 

310» 
1180 
3178 
3161 
21.6« 

22 61 
34.32 
2125 
24.11 
21.4» 

17.1» 
11 «7 
31.31 

1808  3197 
1808  17.96 

i-ytUMttntt  48.80 3&46 HO 6148 3174 83.74 37.47 108 1183 

I90(  8107. 
6181 
7176 
•188 
44.04 

11*7 
31.16 
43.02 
38.30 
3173 

31.70 
31.66 
3173 
3118 
17.83 

6141 
«1.40 
6Z80 
3187 
6176 

4188 
3163 
3183 
11 U 
44.24 

1163 
^21.87 

36. »8 
1184 
161 

2183 
3176 
4170 
2178 
41.46 

181 
138 

21.01 
1132 
21.42 

17.93 
1806 „  
1806  

3137 
21. «8 

HOT  1167 
IMS  2108 

6-y«w «vcraae  6113 3108 31M . 614» 8114 1186 3110 1178 1113 

ISO»  38.26 
13.28 
76.86 

81?61 

17.84 
r.38 

41.66 

3181 
6.80 

3181 

¿'«8 

61 «0 
47.88 
317« 
«6.66 
3121 

3180 
8181 
1188 
use 
108 

1181 
U« 
218« 
313« 
111« 

8117 
3176 
2100 
176 

314« 

3163 
7.7» 
146 
187 

2201 

1164 
118« 

Mil  1166 
178 

UU  17.46 

41.87 3148 3188 46. «1 3188 3173 2143 11.87 118« 

i-year •▼trac«, 1814- 
1818«  4&»4 31 «3 31.7a «1.08 4114 3187 310« 13.88 1118 

ii-Tttr STwaae  4&ao ,   27.3« 118« 61.24 81.88 1183 38.12 11.H 1168 

> Fertilized wUb completa dMmlealiBrUUter.   (See Table 28.) 
' Crop Injured by white amb. 
< Annual yielda not publbbed. 

6063&—2«t 5 
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TAB1.B 32.—Average yielda oj corn and wheat or* ploti 5 and 6 {manured) and of 
oata on plot 6 in eontinuoiu culture for SS year», 1864-1918, Wootter, Ohio 

Yields and gains per aer« (tmsbals) 

Corn Oats Wheat 

Years 
Aver- 
age of 
plots 5 
and 6 
ma- 

nured 

Aver- 
age of 
plots 3 
and 6 If 
unma- 
nured 

Aver- 

gTn 
per 
acre 

Plots 
ma- 

nured 

Plots 
Kun- 
ma- 

Dured 

Oaln 
due to 

ma- 
nor» 

Avai^ 
age of 
plots S 
and 6 
ma- 

nured 

AT«r- 

pUSis 
andStt 
luixua- 
Dored 

Aver- 

¿un 
do* to 

ma- 
nure 

1W4  21.36 
43.43 
6S.34 
22.64 
48. IS 

19.14 
29.32 
50.39 
10.03 
27.09 

2.22 
14.11 
14.95 
12 61 
19.08 

28.41 
33.96 
28.41 
34.0« 
33.28 

24.99 
33.36 
24.27 
31.48 
28 08 

1.42 
ae2 
114 
360 
5.20 

13.79 
9.13 
4.00 

38.71 
lags 

1138 
4.80 
1.13 

3a 43 
11.7» 

1.41 
1898.-  
1896  IB« 

139 1897  
1898  7.17 

S-year average  39.78 27.19 12 59 3a 83 

31.87 
29.37 
31.09 
32.19 
18 04 

2a 43 
■■,. :.,frin.r 

27.40 
31.61 
23.80 
23.12 
5.98 

340 

4.47 
7.76 
7.29 
9 07 

12. U8 

14.53 

ft. 38 
11.38 
iai6 
19.83 
33.08 

laio 4.a 

1899  32.77 
43.13 
41.4« 
33.88 
22.13 

18 43 
23.17 
21.64 
12 88 
5.32 

14 34 
19.9« 
19.82 
21.00 
16.81 

183 
171 

ia83 
ia74 
1170 

178 
1(7 
7.84 
4.09 

ia38 

1900  
1901  
1902  
1903  

5-year average  34.87 16.29 18 38 2a 51 20.38 au 1&S7 aos 7.3« 

1904  21.91 
44 22 
35. 7S 
19.03 
25.09 

2.55 
15.34 
16.53 
3.04 
7 53 

19.36 
2a 88 
19.22 
15.99 
17.56 

55.47 
40 70 
30.94 
23.98 
24 06 

33.44 
29.50 
15 54 
13.49 
18 28 

23.08 
11.20 
15.40 
ia49 
5.80 

aas 
asi 

3a 36 
13.64 
38.1» 

170 
lao 

a»7 
9.U 

l.«S 
171 

laTl 
7.87 

1134 

190a  
190«  
1907  
1908  

5*year average .... 29.20 9.00 2a 20 35.03 

28.88 
30.55 
6.63 

49.30 
17 11 

23.08 1ZI8 14.88 140 a48 
1900  20.77 

18 85 
33.94 
28.62 
20.64 

605 
3.86 
9.38 
9.11 
5.00 

14 72 
15.20 
24.56 
19.51 
15.64 

17.80 
2190 
3.99 

36.94 
ias7 

da 
«.» 
a64 

1138 
6.74 

aa» 
2148 
13.85 
1.87 

18 76 

ML« 
180 
183 
1.00 
9.31 

14. IB 
1188 
ia83 

.87 
9.64 

1911  
1912  
1913  

8-year average  24.58 6.64 17 92 28.09 ia37 

19.» 

7.73 1&43 &08 laas 
8-year average,  1914- 

1918'  24.43 7.54 16.89 28 79 

29.85 

a4i laas tLS7 11.85 
2S-year average..  3a 53 13.33 17.20 31.73 a 13 18 56 au K» 

> Annual yield not published. 
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TABLS 33.—Yield* of corn, oaU, and tcheal, and gain* per acre, on plot SO {manured) 
tn rotation for es year», 189^-1918, Wootter, Ohio 

,& Yields and gaiai {xr ten (bushals) 

Ywn 
Corn Ott WlMBt 

Plot 
»nu- 
Dorad 

Plot 
sou 

tinma- 
nand 

Oaln 
docto 
manara 

not 
30 m*- 
Dund ■ 

Plot 
»If 

aoma- 
ourad 

Oalii 
due to 

manare 

Plot 
»ma- 
nured 

Plot 
»It 

unma- 
nared 

Oaln 
due to 

manure 

UM  17.38 
r.2i 
68.68 
M.54 
IftSB 

18.87 
86.» 
8a 8« 
24.74 
3a 31 

-260 
1.S3 
4.84 

10.80 
1L66 

21M 
s«.a 
2186 
87. M 
aa« 

2137 
27.» 
till 
81 «7 
Sin 

-a» 
la 
X«6 
au 
lU 

17. «a 
7.17 
178 

1103 
1104 

17.» 
161 
L» 
167 

laas 

-18 
166 

tiw 167 
un— „  
18t8  . 

1» 
1» 

S-y«ar •mas «.. ii.n SLSl 7.10 a» asi 3.U 1L48 1» 1» 

I8»._   

isn   IlüIIIIÜIIIIIIIin" 
«La 
87.88 
4Sl07 
74.83 
izai 

laa 
1187 
8a «6 
60.41 
3.a 

1180 
IL 00 
tau 
1141 
13« 

«4.00 
s«.a 
3188 
31.41 
3181 

M« 
11 u 
SLS« 
3173 
2L48 

117 
U« 
7.10 
L« 

i&a 

IS.» 
7.78 
lia 
11 a 
3La 

7.76 a« 
IM 

11 a 
la» 

176 
7.08 
7.97 

1KB.   
int.  

11« 
lU 

5-y«*r avenft.. .. 4&08 8a 28 ua 21 «6 37.40 106 1167 1» 141 

19M. 87.26 
ia67 
68.64 
87.83 
42L26 

18.9« 
86.38 
sa 04 
sa 74 
27.87 

1138 
lito 
17.60 
3118 
1168 

6106 
47.66 
37.60 
a 10 
4160 

«101 
aw 
»26 
118« 
«La 

7. «8 
.167 

136 
7.36 
177 

a 31 
13.13 
37.08 aw 
37.46 

tara 
6.41 

a73 
11 sa 
17.88 

13.31 
IMI  
im  

7.71 
1138 

1807  „  
MOB.. _  

164 
8.78 

S-ywriTcnig«  ta 81 S1.6« 1176 42 00 SI 10 7.W 2147 usa lia 

itot.  Alt 
3a36 
81.88 

1144 
114 

36.16 

li?« 

1187 
14.11 
217« 
m 

17.(8 

41» 
4100 
a78 
4107 
17.42 

3187 
a60 
1161 
3L«7 
UM 

11 a 
7.60 
lia 
1« 
113 

»21 
a6« 
»a 
la 

a6« 

a 41 
7.76 
7.a 
1.17 

1187 

11» 
MIO.        1178 
itll  11 SI 
ISM  
»18..         

116 
187 

tjmf.rtnt»,, .  8a SI 116« 1166 31S4 31 «6 IW 2LW IL 13 ta 87 

iiw«.....T..  an 34.88 17.a «aa «aas ITS 

7.7« 

3ia 1184 law 

IS-ynr ■vcnf*  «in 37.83 tin aa 3L78 11« IL» 141 

■ Raridna] elTeet of manare applied to oorn.   No direct manara appUoaUoo mad« on oati tn rotation. 
• Injury by white »rub. 
I Annual yields not publUbed. 

The oat crop on plot 20 in rotation does not receive any direct 
application of manure, but it receives the residual effect of the 4 tons 
01 manure applied to the preceding com crop. In continuous culture, 
the nearest approach to yields comparable with the oat yields on 
plot 20 in rotation are those obtained on plot 5, which receives an 
annual application of 2.5 tons of manure per acre. This explains 
why the oat yields in rotation are compared with those on plot 5 in 
continuous culture, instead of with the average of the yields obtained 
on plots 5 and 6, as in case of the wheat and com. 

RB8DLT8   WHEN   ROTATION   AND   FBRTILIZATION   ARK   PRACTICÍD   INDEPENDENTLY 

From the 25-year averages given in Tables 30, 31, 32, and 33, 
Table 34 is constnicted, summarizing the average yields per acre 
and the increases over check plots in continuous culture, and showing 
the relative values of crop rotation in increasing crop yields when 
rotation and the use of fertilizers are practiced independently of each 
other. 
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TABLE 34.- -Eßecta of crop rotation and of the use of fertilUerê on the yMd« of 
wheat, corn, and oats.     Wooster, S5-year results 

(Kotation and (ertUiiation practiced separately} 

RfUtlT« 
TahMof 

iDorean crop ro- 
over tation, as 

Average cheek compared 
Plot Crop Cultural conditloiu yield plot with fer- 

per acre In con- 
tlnaom 
culture 

tilitert. 
In 

eflMtiof 
larnr 
rUda 

BiuktU BuiktU Pacnt 
11 Crop rotation without the use of chemical (ertUiier (r) 11. M 3.77 31.6 
2 Wheat  Use of chemical (ertiliier without crop rotation (/)... 

Crop rotation without the use of nuinure (r)  
19.74 
11.28 
16. M 
27.24 

11.97 
3.10 
8.38 

las« 

20 17.0 
>S,S Use of manure without crop ro(:ition (/)  

11 Crop rotation without the use of chemical fertillMr(r). M.6 
12.3 Corn  Use of chemical fertiliier wittiout rotation (/)  

Crop rutiitiun without the use of miinure (r)  
1&.W 
27.42 
3a S3 
at. »2 

19.00 
14.2B 
17.20 
11.08 

2U 88.1 
'6,6 Use of manure without rotfition (/)  

11 Crop rotation without the use ofehemlcal fertiliier (r). 80i4 
'2,3 Oata  Use of eheiiiical lertiliüer without rotation (/)  

Crop rotation without the use of manure (r)  
38.17 
31.78 
30.86 

18.31 
laoe 20 12L7 

8 Use of manure without rotation (/)  
  

' Average. 

The comparativo separate effects of crop rotation and the use of 
fertilizers in effecting larger yields of wheat, corn, and oats, under 
the conditions of the Wooster experiments, are reflected in the relative 
values of rotation. Here it is snown that, in each case, the rotation 
effects in the manure series are relatively higher than in the chemical- 
fertilizer series, the average relative values for rotation being 81.3 
per cent and 48.8 per cent, respectively, for the two series. 
RESULTS   WHEN   CROP   ROTATION   AND   THE   USE   OP   rERTILIZERS   ABX   CONJOINED 

In Table 35 are summarized the results of the Wooster experiments 
when rotation of crops and the use of fertilizers are combined, show- 
ing the relative values for rotation (Ä) and the additive effects of 
conjoining rotation and the use of fertilizers. 

TABLE 35.—Relative values of rotation (R) and additive effects of conjoining rotation 
and the use of fertilizers, Wooster, Ohio 

Crop 

Wheat.. 

Corn. 

Cultural conditions 

Oats.. 

Rotation and use of chemical 
fertiliier  

Rotation and use of manure.. 
Rotation and use of cheni leal 

fertilizer  
Rotation and use of manure.. 
Kotation and use of chemical 

fertilizer _  
Rotation and use of manure ' 

Average 
yield per 

acre 

Butkels 
2a 12 
19.60 

46.60 
42.81 

51.24 
39.62 

Values for 
K and F 

BuiieU 
8.38 
3.13 

10.72 
12.28 

12.07 
9.67 

Buihelt 
16.68 
8.41 

19.3« 
16.19 

19.33 
7.74 

Belatlve 
TSlucof 

Jt 

Pa cvid 
60.6 
37.2 

66.4 
80.8 

62.5 
IM.« 

Ad(HtiT« afltctt of ro- 
tation and aw of 
krtlllicn 

Bum of 
IncrcesM 

enacted by 
rotation 

ud use of 
fertiliier 

when 
practioBd 
Mpantely 

<r+/) 

BuiheU 
15.74 
11.48 

29.36 
31.49 

29.37 
1819 

Actual 
IncrcaM 

aflected by 
oonjolning 

rotation 
and use of 
fertUlian 

Buêhtlt 
2a 36 
11.61 

29.72 
29.48 

30.38 
17.80 

' Realdual effects, manure Is applied to com and wheat in the rotation.   (See Table 28.) 
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These experiments on wheat, com, and oats at Wooster show that 
rotation of crops, when joined to the use of chemical fertihzer, is 
56.1 per cent as effective in increasinf^ crop yields as the use of 
chemical fertilizer when joined to rotation of crops, as is indicated 
by the relative values of H. When compared with the use of manure, 
rotation {R) has a higher efficiency than when compared with the use 
of chemical fertilizer, as is indicated by an average relative value of 
81.0 per cent for Ä. 

The figures in the last two subcolumns show that the conjoint 
effects of rotation and the use of fertilizers, in effecting increases 

nnill[l<g.^//v cxeo/r££> TO C^£M/C^¿. ^£ñr/í./z£es 
JA-*//V c/e£o/r£o TO /-r>9/vc/je£ 

FIO. 4.—Chart sammariiinR the routlon and fertlliwr rrsulu obtained on wheat, corn, and osM 
•t Wooiter, Ohio, ibowing the itveraite yields that have been ohtalne<l from ouUivation alone, 
tbe Inciñm effected when to cultivation U added rotation or the lu« of fertiliter, and the In- 
cnam obtained (over cultivation) due to tbe conjoint ellect« of rotation and tbe use of fertiliiers. 
Tbe namben beknr the bars are tbe plot nambcrs 

above the check-plot yields in continuous culture, are practically 
fully additive, except in case of the combined effects of rotation and 
the use of chemical fertilizer on wheat, where the effects are more 
than fully additive. 

In Figure 4 are summarized in diagrammatic form the results 
obtainea at Wooster, as follows : The average yields of wheat, com, 
and oats that have been obtained from cultivation alone, that is, with- 
out rotation and fertilizer; the increases obtained when with culti- 
vation is combined the practice of crop rotation or the use of ferti- 
lizer; and the increase over cultivation due to the combined effects 
of rotation and the use of fertilizer. 
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In. the last two bare of each series the horizontal and vertical 
hachure may be interpreted to represent either the values for R and F 
(the increases efifectea by rotation when added to the use of fertilizers 
and the increases effected by the use of fertilizers when added to 
rotation) or the values of r and / (the increases effected by rotation 
and the use of fertilizers when practiced iadependontly of each other). 

It is to be noted that in the bar showing the yield of wheat on 
plot 11 (rotation and fertilizer) the hachure showing the values for 
rotation (R) and fertilizera (F) overlap to the extent of 4.61 bushels, 
as indicated by the horizontal-vertical crosshatching. This value 
of 4.61 bushels measures the interactive effects of rotation and the 
use of chemical fertilizer when the two practices are conjoined. The 
horizontal-vertical crosshatching also shows how much greater the 
increase effected bv the conjoint action of rotation and the use of 
fertilizer is than the sum of the increases effected by these two 
practices when acting separately. 

GERMANTOWN EXPERIMENTS WITH TOBACCO 

The experiments on tobacco at Germantown, Ohio, were begun in 
1903. Published results cover the 16-year period from 1903 to 1918, 
inclusive 0^, pp. 629-634). The rotation involved consists of 
tobacco, wheat, and clover, grown in the order named. Only 
tobacco is grown in continuous culture. The rotation plots are 
repeated, so that tobacco yields are obtained for each year. 

The Germantown plots are one-twentieth of an acre in size and 
are located on a hea^np- soil designated as Miami clay loam, which is 
the product of the weathering of a thick bed of glacial drift composed 
largely of the detritus of hmestone rocks. Thus, originally, this 
soil was well suppUed with carbonate of hme, and for this reason 
tobacco has not responded to liming. The experimental results 
selected for this study have been obtamed on unlimed soil. 

The yields of tobacco which are nearest to being comparable are 
those which have been obtained on the plots indicated in Table 36. 

TABLE 36.—Soil treatment and yields on Germantown, Ohio, plot» 

(It-year averages, 1903-1918] 

87Bt6m of cropping Plot Crop 

FertiUier materlab need (per acre to 
tobaooo) Avmi* 

■er« Nitrat* 
OfiHNia 

Add 
plmpbate 

MiniM 
ofpotMb Manon 

{11.14,17 

12 

33 

Tobacco  
Pound« 

330 
Pound« 

330 
Pound« 

130 
Ton» Pound« 

875  do  >8 Tobacco  340 «¡a 1» Wheat  1,141 

Rotation  Clover  
Tobacco  10 «M Wheat  *""" Clover    

' Same treatment c n each plo t. 

The data of the tobacco yields on the selected Germantown plots 
are summarized in Tables 37 and 38. 
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TABLE 37.—The effect* of crop rotaium and the lue of fertUùer» on the yieUe of 

tobaeco, Gemtantotim, Ohio 

(Rolatiao and UM OI (artiUzan praotloed laparataljr) 

• 

lacraaaa 

Ralativa 
valuaof 

crop rota- 
tions, aa 

^ i Averace ovMoheek 
plot In 

comparad 
Hot No. Cahanl eonditioo* yield par with fertl- 

■era eontlnooiu 
culturo 

liicn, In 
edecting 
incroasea 

over cultl- 
Tation alona 

« Piunii Poitnii PvcttU 
U Crop rotation wttlHmttlM a* of eÍMBdMllvtlltnr(r)  

UseotclwmU^fartUUwwIthoatroUtknKß  
Without rouuion and without thaowofobimiealtetillMr 
Crop rotation witboat tba OM of mairar« (r)  

SM ns S.I « 1,084 
311 
M3 
875 
33S 

761 « 
32 in 

(MO 
^   ä's 

11,14,17 Cw'of manure wltbout rotation (0  
1,4,7,10 Without rotation and wttboat tM ma of manar«  

. 
Non.—Beoauac of tba am 

averaie the yields on plots 1. 4, 
 ^t o( the mamuad ploti is oonttnaous cultora It aaamad advisable to 
and 10 to obtain a check-plot yield in the manure seriaa. 

TABLE 38.—Relative value» of rotation (R) and additive effect* of conjoining rotation 
and the uie of fertilizer* 

(Tobaeoo, Oarmantown, Oblol 

Avana» 
yield paf 

aora 

Valoea of « and / 

Ralathr« 
Taloaof 

S 

Additive effects of rota- 
tion and us« of fertiliser 

Coltoral conditions 

Jl r 

Somof in- 
oreaaea ef- 
fected by 
rotation 

and oae of 
hrtiUser 

wbeo 
pnetioed 

•aparauly 
(r+D 

Actual 
lnmeaie 

eflectad by 
conjolntns 

rotation 
and use of 
lertiiiiers 

Rotation and oae of chemical lertOiiar. 
Pmmét n 

m 
«7 
481 

Pmttid 

X6 

PtmMt 
9M 
717 

These results show that under the conditions of the Germantown 
test, the 3-year rotation of tobacco, wheat, and clover is only 28.3 
per cent as effective as the use of 840 pounds of a complete fertilizer 
per acre and only 32.8 per cent as effective as the use of 10 tons of 
manure when rotation and use of fertilizers are practiced independ- 
ently of each other, and only 12.5 per cent and 24.5 per cent as 
effective as the use of chemical fertilizer and manure, respectively, 
when the one practice is combined with the other. 

The combined effects of rotation and the use of chemical fertilizer 
or manure are somewhat less than fully additive; that is, in effecting 
increases in the yields of tobacco over the check plots in continuous 
culture. 

URBANA EXPERIMENTS WITH CORN 

The Morrow plot« at Urbana, 111., furnish results on com which 
may bo given consideration in this study of the value of crop rotation. 
The Morrow field "consists of three plots divided into halves. On 
one com is grown continuously, on the second com and oats are 
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erown in rotation, ami on the third, corn, oats, and clover ( in rotation). 
The north half of t>ach plot is untreated, whereas the south half 
receives standard applications of manure with cover crops (in the 
one-crop and two-crop systems). Rock phospliate is applied to the 
southwest one-fourth of" each plot at the rate of (iOÜ pounds, and 
steamed bone meal to the southeast «ne-fourth at the rate of 200 
pounds per acre per year. In 1904 ground limestone was a¡)plietl at 
the rate of 1,700 pounds per acre to the soutfi half «.f each i)lot " 
{6, pp. 486 and 487.) 

These experiments were begun in IXSS on land formerlv highly 
productive. Comparable yields of corn—that is, yiehls on fertilized 
and unfertilized land in continuous culture and "in rotation, begin 
with the year 1904 corn being the only crop that is grown in con- 
tinuous culture. 

The Morrow plots are located on a prairie soil describeil as a lirow n 
silt loam which has probably deveU)ped from the weathering of 
glacial material deposited during the early Wisconsin glaciation. In 
reaction the soil had become somewhat add. 

In Table ,39 are giv(>n the comparable yields of com (>bt»ine<l in 
continuous culture and in rotation at Urbana. 

TABLE 39.— Yields of corn in coutinuouH culture and in rotation,   I'rhana   ¡It 
1904-1910 

('()Dtiniiou.s culture 1 

Year«                                              !   

Kut»tion  (com, o»U, 
•0(1 clofer) 

Fertilized 
(MLP)« 

Unfer- 
tUlted 

FerUUiad 1    Uniw- 
(MLP)i  '    tOlMd 

1304  
BuAtU 

17.1 
48.7 
54.« 
33.0 
lag 

BruhtU 
31. S 
39.0 
35.9 
19.4 
11.3 

1 
BtaktU        ButktU 

73.7 Si. 3 
93.«,         gas 
83w3;              88.8 
47.8 1              33.8 
4a8¡              37.8 

1907                    
1910                 
1913        
191«                                

Average, S crops  33.8 33.4 «7.8 1              SI. 2 

ioI.i^i^°If WK" '2 ^T° "° f,'''' coQtlimous-culture plot, but not on the rotation plot.   Thl» balaiUM. at least in part, the heavier applications of manure made on the rotaUon plots o«»««^ « 
r^h^íí ifïî.'i^i^^'i"'^ H'''* aPPl'f »"0°. t*»« quantity that can be produced fro¿i the produce grown    P(pho^ phorus), bone meal and rook phosphate.   L (pulverlied UnMstone). »ruwu.  rvpno«- 

The results of a study of the average yields given in Table 39 are- 
summarized in Tables 40 and 41. 

TABLE 40.—Ä^ecis of rotation and of the use of fertUiters on the yield* of corn. 
Urbana, ¡II. 

[Kotation and tertUisatlon practiced separately) 

Cultural conditions 

Crop rotation without the use of fertilliers (r) 
Use of fertilliers without rotation (/). 
No rotation and no fertilizer  

Average 
yield per 

ButktU 
51.3 
33.8 
33.4 

Increase 
over check 

plot In 
continuous 

CTilture 

IhuMi 
37.8 
9.3 

Relative 
value of 

rotation, as 
compared 

with 
fertU tiers, 
in elTecting 

larger 
yields 

302.2- 
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TABLE il.—Relative value of roiation (R) and additive effect» of conjoining rotation 

and the u»e of fertiliterê, Urbana, III. 

ATtnga 
yteWp« 

»or» 

ValuM of 
KutdP 

BatettT« 
value o( 

R 

Additiv« effects oí ro- 
tation   and   UM   of 
tertOlun 

Ctiltural rond it ions 

R r 

Sum of 
locnMM 

•fltetcdby 
rotation 

aoduMof 

WbCD 
practicMl 

Mparataljr 

Actual 
incT«>AM 

effwted t)y 
conjoining 

rotation 
and um of 
fertilitan 

Rotation and UM of fertuiufs    ........... 
AuA<to 

«7.« 
tl.3 a« 

BlUlUlM 
U.0 

BatluU 
1«.4 

Per (tnl 
2114 »7.0 

BuihtU 
44.2 

Rotation wlllwat as» ol (ertillu-n ..... 

These results, indicate that, under 
the conditions of the Urbana experi- 
menta, crop rotation is three times as 
effective as the use of fertilizers in in- 
creasing the yield of com, over culti- 
vation alone, when rotation and the 
use of fertilizers are practiced inde- 
pendently of each other; and when one 
practice is conjoined with the other, 
rotation (Ä) is over twice as effective 
as the use of fertilizers (F). And 
further, when rotation and the use of 
fertilizers are conjoined, their com- 
bined effects are more than fully ad- 
ditive, as determined by the increase 
in yield over the check plot in contin- 
uous culture. 

The residts obtaine<l on the I'rbana 
field are visualized in Figure 5. It is 
to be observ'ed that the hachure show- 
ing the values for Ä and F overlap to 
the extent of 7.2 bushels, as indicated 
by the crosshatching. This measures 
the interactive effects of rotation and 
the use of fertilizer when these practices 
are combined, and it shows how much 
greater the increase effected by con- 
joining rotation and fertilization is 
than the sum of the gains resulting 
when rotation and the use of ferti- 
lizers are practiced separately. 

FLORENCE EXPERIMENTS WITH COTTON 

The South Carolina results herein 
considered are those obtained with 
wilt-resistant cotton  (Dixie variety) 

FIO. i.—Chart summariting the results on 
com at Urbana, III., showinR the average 
yield from cultivation alone, the Increase 
efTecte<l when crop rotation or the use of 
fertlliteni I» combined with cultivation, 
and the increa."«' effecred by the conjoint 
eUccti ol rotation and the lUte ol lertllisers 

on  the rotation  and contin- 
uous-culture plots of the Pee  Dee Experiment .Station located at 
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Florence, S. C. (Í). Though these experiments have not been in 
progress very long, having been started in 1914, they are the best 
obtainable on cotton at this time. 

The rotation concerned is a 3-year system, described as follows: 
First year, com and cowpeas; second year, oats followed by cowpeas; 
third year, cotton. 

All the rotation plots are repeated three times, as series A, B, and 
C, so that cotton yields are obtained for each year. Only cotton is 
grown in continuous culture (series D). The plots in both the rota- 
tion and continuous-culture series are numbered in the same order 
and the corresponding individual plots in each series are fertilized 
alike. 

The soil on which tliese cotton experiments are located is a very 
fine sandy loam of the Orangebm^ series. Under cultivation, the 
surface stratum of this soil is of a grayish color, becoming pale yellow 
at a depth of about 5 or 6 inches. At depths of from 10 to 15 inches, 
the soil consists of a red, friable fine sanely clay. In reaction the soil 
is somewhat acid. 

In the Pee Dee station experiments no manure is used, hence com- 
parable yields are confmed to the results obtained from the use of 
chemical fertilizers. Three of the plots, 24, 27, and 30, are fertilized 
annually with a complete fertilizer equivalent to a 1,000-pound appli- 
cation of a 4-8-4 » commercial mixture. Inasmuch as these three 
plots are given favorable fertilizer treatments, as indicated by the 
average yields of cotton, these plots have been selected for comparable 
yields. In Table 42 are given the fertilizer treatments and the 
average yields obtained on these three plots both in continuous 
culture and in rotation, compared with the treatments and yields of 
some of the other plots. 

TABLE 42.—Fertilizer Ireatments and yieldê of cotton on some of the experimental 
plots at Florence, S. C. 

[6-year overages) 

Plot 

7 
2 
S 
0 

12 
16 
15 
8 

24 
27 
30 
34 
35 
38 
37 

Fertiliier materials (pounds per acre) 

Dried 
blood 

Cotton-      Acid 
see<i pilos- 
meal        ptiate 

2S0 

290 
260 
2S0 

280 
83.3 
83.3 

250 
2ä0 
12Í 
eoo 

too 

IWO 

380 
380 

SOO 
900 
490 
450 
290 

,000 
900 
SOO 

Muriate 
of      I 

potash 

Yields per am 
o(ieedcott<m 

(ipouod«) 

Contin- 
Kalnit       noiu 

ciilriirp 

Rota- 
tion 

83.3 

èâ's' 
83.3 
83.3 

333.3 

83.3 
83.3 
83.3 
83.3 
83.3 

3.33.3 

342 
388 
140 
240 
622 
692 
721 
295 
877 
862 
710 
680 
6»6 
907 
789 

1,417 
1,6(1» 
1,521 
1,489 
1,776 
1,690 
1,672 
1,675 
1,925 
1,846 
1,87« 
1.880 
1,99.5 
1,846 
1,916 

»ntre^fertngSo PK?..'"'* ""°* °' "'^ ""'°"' ^°""'*"' ^^^ ""' »■>»'«" '« «Pr««>d a. »-^. tb. 8 per 
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On each of the three selected plots, 24, 27, and 30, are applied 
annually the same quantities of the major nutrient elements. On the 
rotation plots like applications are made for corn and oats, so that 
for each 3-year period the same quantities of fertilizing ingredients 
are applied per acre in rotation as m continuous culture. 

In Table 43 are given the average annual yields of seed cotton per 
acre and ^ains from fertilizers on the three selected plots in con- 
tinuous culture and in rotation for the period reported. The results 
recorded in Table 43 are from unlimed plots. 

TABLS 43.—Annual vieldt oj tud cotton and gainé p«r acre on experimental plots 
at Florence, S. C. 

T«it 

IBM.. 
191S. 
191«.. 
1917.. 
1918.. 
1919.. 

CoDlinaoai oolton Rotation 

V«rtlUMd 

I, WS 
1.0S0 
1.800 

i.aot 

O-Twr «Ttnfs- i.at 

CtMdc 
plott«v«r- 
■■•Sluid «- 

1.9(8 
1,1m 

878 
1.080 

i.aao 
I.« 

Í 
ua 
473 
188 
730 

1,0001 
SU 

ClMok 

•■•aiud 
81 

1,000 
8,196^ 
urn 
i,«ot 
3,878 
3;13S 

ftnni» 
I, tu 
1,878 
1,407 
1,388 
1,888 
1.883 

1,081 

OBlntram 
ftrtlllur 

3» 
830 

-384 
317 
837 
373 

38» 

It is to be noted that the average gain from fertilizers is greater 
without rotation than with rotation; nevertheless, the average yield 
on the fertilized plots in rotation is greater than that on the cor- 
responding plots in continuous cultul-e. 

In Tables 44 and 45 are given the evaluations of rotation and the 
additive effects of rotation and the use of fertilizer. 

TABLE 44.—The effects of rotation and of the use of fertilizer on the j/ielda of seed 
cotton 

IBoUtlon «ad fntiUiatloii practiced Mparetel;] 

Cultural eondltiom 

Crop rotation without the use of fertlltMr (r). 
Use of fertiliwr without rotation (/)  
No rotation and no (erUUur..  

AVwan 
rVUpn 

am 

Inonaw 
}ver check 

[    plot In 
I continuous 
I   culture 

Ralative 
value at 
rotation, 
ascom- 

1,831 
1.818 
l,*3t 

Pouni* 
800 
408 

pared witb 
fertUlters, 
In effecting 

larger 
yields 

Per ceiU 
8ae 
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TABLB 45.—Relative value of rotation (Ä) and additive effect» oj conjoining rotation 
arid the use of fertilizers 

Average 
yield of 

seed cot- 
ton per 

acre 

Values of 
RmáF 

Relative 
value of 

Ä 

Prr cent 
24.7 

Additive eOeoU ot r«. 
tatlon   and   ose   of 
(artainn 

Cultural conditions 

R F 

Sum of 
increases 

effected by 
rotation 

and use of 
fertiliser 

when 
practiced 

separately 
(r+f) 

Actual 
Increase 

effected by 
conjoining 

rotation 
and use of 
fertOUen 

Rotation and use of fertilisers  
Poundi 

1.880 
1,621 
1.816 

Pound) 
64 

Poundi 
•iS» 

Pound» 
795 

Pound» 

Rotation without fertiliser  
Use of fertiliier without rotation-  

These results with cotton obtained under the conditions of the 
South Carohna exporiments show that when crop rotation and the 
use of fertilizers are practiced indopondentlj' of each other, rotation 
is 60.6 per cent as efficient as the use of fertilizers in effecting in- 
creases in the yield, as measured from the chock plot in continuous 
culture. On the other hand, when rotation is conjoined with the 
use of fertilizers it is only about 25 per cent as efficient in effecting 
increases in the yield as the use of fertilizer when conjoined with 
rotation of crops. In other words, the value for Ä is only about 
one-fourth as great as the value for F. These results also show 
that the conjoint effects of rotation and the use of fertilizers on the 
yield of cotton are additive, though less than fully aililitive. 

The chart in Figure 6 is a graphic summary of these South Caro- 
lina results on cotton, showing the average yield obtained from cul- 
tivation alone, the eain resulting when to cultivation is addeil rota- 
tion or the use of chemical fertilizer, and the average gain obtained 
when to cultivation are added rotation and the use of fertilizer. 
In the third bar, the diagonal hachures represent the values for K 
and F. The unhachured space, representing an unallocated gain 
of 236 pounds, measures the interactive effects of rotation and the 
use of fertilizer when one practice is conjoined with the other; and 
it also shows how much loss the increase effected by the conjoint 
action of rotation and fertilizers is than the sum of the gains effected 
by rotation and the use of fertilizers when practiced independently 
of each other. 

ROTATION  AND  FERTILIZER  EFFICIENCIES  AS  AFFECTED  BY  SOIL 
REACTION 

With the exception of the Ilhnois results on corn, where the soil 
treatment consists of applications of ground hmestono, manure, and 
phosphates, and the Ilothamsted experiments, the experimental 
data presented in the foregoing tables have been obtained on soils 
that are somewhat acid in character. It is a fact universally recog- 
nized that, when the acidity of soils having from medium to strong 
degrees of acidity is reduced or corrected, the average yields of the 
crops in a rotation are usually increased, regardless of the fact that 
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some of tho crops in the rotation, 
show but httle or no response to a 

In this study of tho comparative 
effects of rotation and tlie use of 
fertihzei-s, all of tlie lonç-time lim- 
ing tests can not be considered, but 
omy those that meet with tho con- 
ditions which make possible the 
evaluations of tho eftwts of crop 
rotation and the use of fertilizers 
on crop yields. The liming tests 
that are thus in harmony with 
these conditions are those on wheat, 
corn, and oats at Wooster, Ohio, 
and those of a shorter duration on 
cotton at Florence, S. C. 

Tlie published results of the 
Wooster experiments are for the 
rotation plots only, including a 13- 
year test on wheat (1906-1918), a 
19-vear test on corn (1900-1918), 
and a 15-year test on oats (1901 
and 1905-1918) US, pp. 598-601). 
The 6-year results (1914-1919) re- 
ported on cotton by the South 
CaroUna Experiment Station arc 
for both the rotation and continu- 
ous-culture plots (/). 

Since lime is applied to the west 
ends of the Wooster rotation plots, 
the plots selected for comparable 
yields in these liming tests are the 
same as those heretofore chosen 
(see Table 29), tho average yields 
for each crop being determined for 
its liming period, on both the limed 
and unlimod plots. In case of the 
South Carolina cotton experiments, 
those plots were selected which re- 
ceive the same fertilizer treatments 
under both limed and unlimed 
conditions, as shown in Table 46. 

other than clover or alfalfa, may 
direct application of lime. 

I Ä^/y cx££>/r£if TO 

\Gi^//y c/e££>/r0i> 
I TO /'^^r/z./jr^/es 

FIO. fi—A graphic 9uram»ry of thi- comparable 
yield« of cotton obtained at Florence, 8. C, 
showing the average yield obtained from ctil- 
tivation alone, the gain resulting when to cul- 
tivation ia added crop rotation or the uae of 
chemical fertillier, and the total increase ef- 
fected when to cultivation are added both 
rotation and the use of fertlliier. The num- 
bcm at the bottom of the bars are the plot 
numbers 

TABLE 46.—Limed and Jertilited plot» at Florence, S. C 

Lime treatment (per acre) Plot Fertiliser treatment 

No lime. 

1,000 pounds burnt lime. -  
2,000 ¡»unda ground limestone. 
1,000 pounds burnt lime  
2,000 pounds ground limestone. 

•11,31,11 I No fertiliser. 
24    3£0 pounds dried blood, SM pounds acid 

I     phosphate, 83.3 pounds muriate of potash. 
¡g 'JNO fertilirer.    Results averaged. 
23 llSame fertlliier treatment as on plot 34.    Re- 
33 ¡/   suits averaged. 

I Plots are numbered the same In the continuous-calture MTIM for cotton as in the rotation series. 
' Average. 
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o„i * ^ '^ ^^''^°- * Summary of the average yields of wheat, corn 
and oata grown m rotation on limed and uSimed soil at Woostw' 
Ohio, and of cotton at Florence, S. C, for the periods indicated F?; 
comparison the yields of other crops, not included in the study of 
rotation values are added; namely, those of clover and timothy on 
the same Wooster plots, of oats, corn, and peavine hay (cowpeas) on 
the plots at Florence, and also the yields of corn, oats, wheat, and hav 
on the long-contmued Pennsylvania plots (Ha^ersto;vn silt loam) 
in the last right-hand column are given the absolute measures, in 
bushels or pounds, of the increase in fertihzer efficiency due to the 
alteration of the soil reaction as effected by liming 

TABLB 47.—Effect of liming on the eßdeney affwtüúer» 

Crop Period of 
test 

Fertilizer treatment r, ,. , 
(crops grown in units of 
rotation) measure 

Wheat (Woostar).   19(»-1818(13 
years). 

Corn(Wootter)...| igoo-191g(l9 

Oat» (Wooster). 

Cotton     (South 
Carolina). 

Clover (Wooster). 

Timothy (Woos- 
ter). 

Oats (South Caro- 
lina). 

Com (South Car^ 
ollna). 

Peavine hay 
(South Carolina) 

Corn (Pennsyl- 
vania). 

Oats (Pennsyl- 
vania). 

Wheat (Pennsyl- 
vania). 

Hay (Pennsyl- 
vania). 

years). 

J 1901 and 
1905-1918 
(16 years). 

1914-1919 (6 
years). 

190»-1918(18 
years). 

1905-1918(13 
years). 

1914-1919-... 

 do.  

Complete chemical   Bushels 
fertilizer.' 

Manure ...do.  
Complete chemical   ...do  

fertilizer. 
Manure (jo  
Complete chemical  ...do  

fertilizer. 
Manure ...do  
Complete chemical   Pounds.' 

fertilizer. i 
;>-do I—do._... 
Manure L..do.  
Complete chemical i...do 

fertilizer. | 
Manure I...do.  
Complete chemical    IJushds 

fertilizer, 
do do.. 

Average ^J,«f»W 

''aSioT-«- 

^Increase 
I In (ertl- 

due to ' S'^joy 
'""»-« laÄSn 

'  of sou 
reaction* 

81.7 

25.1 
48.9 

44.2 
sa. 8 
41.9 

1,925 : 

3,117 

323 

26.8 
S4.S 

48.9 
53.2 

44.0 
1,929 

3,820 
3,011 
4,006 

 do.  

188»-1921... 

 do  

.....do  

—.do.  

Complete chemical 
fertilizer. 

Manure (6 tons per 
sore).' 

' Manure     (residual 
I     eflects. 

Manure (6 tons per 
acre). 

Manure     (residual 
effects). 

Pounds.. 

Bushels.. 

..do.  

..do.  

Pounds.. 

&sl 
L7 
5.0 I 

4.7 ' 
a4j 

2-1 I 
4.0 I 

82« I 
7K I 
978 

3,205 
60.4 

4,433 
sao 

1,228 
-a 4 

54.8 (0.8 10 

2.473 2,434 -39.0 

50.3 «3.1 t.3 

42.1 43.7 l.t 

33.8 33.1 .0 
3,804 4.22» 419 

ao 
.0 

1.4 

.6 

.0 

.0 
«8 

191 
115 
109 

26« 
.« 
.7 

.0 

6.3 

Z3 

.0 

375 

i v^M??„'®^i^,*°'* **,'°f P''îîf *°<ï fertUlzer treatments at Wooster and Florence 
StaTp 4^ ^^ "'  "^ " ^°°'^' calculated from Table. 31 and 33; lor CSBUU. 30». 8. C. Bipw. 

! t°ï Olilo yields, Bull. 336 Ohio Ezper. Sta., pp. 599-601. 
• S?,n" ^i^i''"? '^"'Jî published in bulletins to which reference has been made 

bûtriii^^-^ATliâÎfb'it-»0 m^ÄÄ^'u^tnlÄU^e-."- -''^'''^''' """»' '•■ — 

A'r^T?^ important facts are brought out in the results given in Table 
47: (1) though the yield of a nonleguminous crop fertilized and 
grown in rotation may average larger on an acid soil whose reaction 
has been altered by liming than on the same sou unlimed, the greater 
yield may not at all be due to any increase in the efficiency of the 
fertihzer as may have been effected by the alteration or change of 
the soil reaction; (2) under similar conditions, as described under (1) 
only a portion of the increase in yield may be due to increased effi- 
ciency of the fertilizer used. 
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These differences in the relation of crop yields to fertilizer results 
are determined by the interaction of three factors: Fertilizer, crop, 
and crop rotation. 

Whetner or not a fertilizer will produce higher results on an acid 
soil when its reaction has been altered by liming depends in a large 
measure on the chemical character of the fertiUzer. Experimental 
data show that (1) for most farm crops, the highest efficiency of an 
acidic fertilizer is effected on a nonacid soil or on an acid soil tliat has 
been limed; (2) under the same soil conditions, a basic fertilizer 
usually gives the best, or at least as good results without liming. 
These two points are strikingly illustrated by the results obtained on 
rotation plots 24 and 29 in the long-time liming tests conducted at 
Wooster, Ohio, as shown in Table 48. 

TABLE 48.—/{«laiton of fertilUer eßciency to change in »oil reaction a» affected by 
liming, Wooster, Ohio 

Plot Crop FartUiur oompoaitlaii unit of 

AT«n»M ! AT«rage ^°°!;f" 

pflrsora I per acre i_ 
on add     on add »„.i»«, 
^KM,         soil, .m 
tmliiMd    lin»d a^x 

M 

» 

AMie compound 

Com.    Ammonium  sulphate,  acid   pboo- , Bualuls.. 
phate, and muriate ol potash.        , 

Oats i do ......do— 
WbMt do....... 1 do.. 
Clover do.     Pounds. 
Timothy '' do do... 

¡ BatU eompouni 

Com ' Nitrat«  of soda,  basic slag,  and , Bushels. 
muriate ol potaab. 

Oats do do... 
Wheat I do do— 
Clover 1 do   Pound». 
Timothy do I do— 

4Í.79 

SLM 
3141 

1,IIM 
a; 740 

4S.S8 I 

Ml «7 i 
W.3S 

2,823 
3,384 

M.M 
Mies 

3,374 
4,8M 

+3.82 

-i« 
+tM 

+801.00 
+71X00 

I 

■   ri/iii 

tas«, 
38.76 ' 

3,221 
4,107 

-a 13 

-4.«« 
--4.00 

-18«. 00 
-«a 00 

> Calculated from data (iven in the bulletin* to which referenos has been made. 

Attention is called to the behavior of the oat crop, which, under 
the conditions of the Wooster experiments, seems to favor acid condi- 
tions, and thus has not been benefited by liming. Furthermore, the 
oat plant commonly shows a preference for ammonium salts, prob- 
ably because of its ability to utilize nitrogen in ammonia form. 
Corn also exhibits the same assimilation ability (7, p. 179). 

When, in a long-continued cropping system, an alteration or change 
of the soil reaction by liming does not effect a greater fertilizer effi- 
ciency, oven though the yield of a crop is larger because of the lim- 
ing, particularly when the crop shows but little or no response to a 
direct application of lime, it becomes plainly evident that crop rota- 
tion is tno factor which assumes the greatest prominence in the 
maintenance of soil productivity under liming conditions. It is pos- 
sible to evaluate crop rotation under these conditions only when ex- 
perimental data present comparable yields both in rotation and in 
continuous culture. The only experimental data so far published 
that are in harmony with these conditions are those on the first 
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four crops mentioned in Table 47, which are described in the fore- 
going paragraphs. 

In Table 49 are given the analyses of the avoraj'e yields of these 
four crops for the periods indicated in Table 47, wlien rotation and 
the use of fertilizers are practiced independently of each other. 

TABLE 49.—The comparative effecU of crop rotation and oj the use of ferlilizer» on 
the yields of crops on limed and unlimed soil» 

[Rotation and the us« ol lertUiiers practiced wparately) 

Crop Cultural conditions 
Average 
yield per 

acre 

Increaw 
OTcr elxck 

plot In 
continuons 

oui tur« 

RabtlTc 
value of 
rotetioo, 
aaoRin- 

pared witll 
tertulien. 
In effect- 
ing larger 

yields 

Wlieat (WoMter) Limed:' 
Rotation without use o( chemical fertlliter.. 
Rotation without use of manure  

Unlimed: 
Rotation without use of chemical fertiliier.. 
Use of chemical fertiliier without rotation... 
No rotation and no fertilizer  

ButhtU 
1«.0 
18.3 

14.1 
aas 
7.3 

14.3 
18» 
7.» 

31.1 
31.3 

30.» 
34.1 
13.5 
37.0 
38.0 
».4 

31.1 
35.8 

32 3 
37.» 
18,7 
32.» 
28.4 
1».3 

Pmindt 
1,S84 
1,880 
1,315 

1,»48 
1,877 
1,28» 

B»Aút Pnetta 

13.1 
51.» 

Rotation without the use of manure.. . 0.3 
11.0 

57 3 
Use of manure without rotation . . 
No rotation and no manure  

Com (Wooster).. Limed: 
Rotation without use of chemical fertiliier.. 
Rotation without use of manure  

Unlimed: 
Rotation without use of chemical fertiliier.. 
Use of chemical fertiliier without manure... 
No rotation and no fertiliier... . 

13.4 
sa« 

«ft.0 

Rotation without use of manure... 17.6 
18.« 

M.» 
Use of manure without rotation  
No rotation and no manure   

OaU (Wooster)... Limed: 
Rotation without use of chemical fertiliier.. 
Rotation without use of manure  

Unlimed: 
Rotation without use of chemical fertilizer.. 
Use of chemical fertiliier without rotation... 
No rotation and no fertilizer  

13.8 
IB. 3 

7a 8 

Rotation without use of manure  13. S 
».1 

14». 6 
Use of manure without rotation  
No rotation and no manure 

Cotton   (South 
Carolina.) 

Limed: 
Rotation without use of chemical fertiliier.. 
Use of chemical fertiliier without rotation... 
No rotation and no fertiliier  

Pound» 
30» 
MS 

67. Ï 

Unlimed: 
Rotation  35» 

588 
tl.l 

Use of chemical fertilizer without rotation 
No rotation and no fertiliier  

■ No lime Is applied to the plots In continuous culture at Wooster. 

The data in Table 50 show that the yields of wheat, corn, and oat» 
are higher on the limed than on the unlimed soils. Cotton has not 
responded to liming. Mtering the soil reaction has caused a decline 
in the relative value of rotation in the case of cotton. The absence 
of liming tests in continuous culture makes it impossible to deter- 
mine the relative values of rotation in case of wheat, corn, and oats, 
under conditions when rotation and the use of fertilizers are prac- 
ticed apart from each other. 

In Table 50 are summarized the data on the yields when rotation 
and the use of fertilizers are conjoined. 
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TABLE 50.—Companion of relative values of rotalion (R) and of the additive effects 
of conjoining rotation and the use of fertilizers on limed and unlimed soils 

tWooeter, Ohio, and Florence, 8. C.) 

Cultural conditions 
Artntt 

yidd 
peraoT« 

Values for 
«and F 

Rela- 
tiv» 

value 
OfÄ 

Additive eSaota 
of rotation and 
usaoftartllinn 

Crop 

B F 

Sum of 
increase 
efteoted 
by rota- 
tion and 
use of 

fertiliier 
wlicn 

(r+ñ 

Actual 
increas« 
effected 
by con- 
loiniUK 

rotation 
and use 
of fortl- 
liurs 

Wheat (Wooster) Limed: 
Rotation and use of chemical 

fertlllier. 
RoUtlon withoot chemical 

fertlllier. 
Un of chemical  fertiliser 

without rotation. 
Rotation and use of manure.. 
Rotation without manure... 
Use of manure without rota- 

tion. 
TJnlimed: 

Rotation and use of ebemleal 
lortUlier. 

Rotation without ehamleal 

BanluU 
313 

180 

■308 

388 
18 3 

■ laa 

SI. 7 

U1 

Biukels 
1L7 

BvskOl 
18 3 

Ptrent 
73.3 

BuêktU 
311 

BvhtU 
28.0 

7.« un T4.8 IftI 18.0 

11.3 17.8 618 303 24.6 

ftrtUiser. 
Use o( chemical  ferUIUer |      3a 5 

withoot rotation. 
Rotation and use of manure.       2S.1 
Rotation without manure...        14.3 
Use of manure without rota-         18.9 

tion. 
Limed: 

Rotation and use of chemical       54.5 
fertlliicr. 

Rotation without chomkal        tU i 
fertiliier. 

UM   n(   rhrmiml   (ertllluv 1     1 M. t 

8.3 109 88.0 17.8 17.3 

Com (Woofter).. 
204 33.4 ^'' 18.3 41.0 

» 
without rotation. 

Rotation and use of manure.. 
RoUtlon without manure  
Use of manure without rota- 

tion. 
Cnltmed: 

Rotation and use of chemical 
isrtaixsr. 

Rotation without chemical 
lertait«r. 

Use  of  chomlcal   fertilisât 
without rotation. 

Rotation and use of manure.. 
Rotation without manure... 
Use of manure wlttioat rota- 

tion. 
Limed: 

RoUl ion and use of chemical 
fertlllier. 

Rotation without chemical 
fertlllier. 

Use   of  chemical   fertiliser 
without rotation. 

Rotation and use of manure. 
Rotation withoutmanure... 
Use of manure without rota- 

tion, 
unlimed: 

Rotation and tue of chemical 
fertlllier. 

48.« 
31.2 

■38.0 

48.B 

380 

34.1 

44.3 
37.0 
380 

83.2 

381 

■37.« 

44.0 
388 

■28.4 

SI 8 

309 JT.T llt.1 404 KB 

:iiii"! 

14.8 23.0 «7.8 810 88.4 

18 3 17.2 913 883 318 

Oate (Wooster).. 
18 8 18.1 Si.» 3S.8 34.8 

186 84 1887 384 217 

14.« 308 73.7 3Z8 34.1 

■ Yields are (or lullmed plots in continuous culture. 
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TABLE 5Ü.—Compariton of relative values o/ rutation (ß) and of the additiDe effect* 
of conjoining rotation und the use of fertilizers on limed and unlimed loiU—Con. 

Cultural t'onditious 

Values for 
£and>' 

Rda- 
tive 

value 
of« 

Additive elTects 
of rotation and 
use of fertilizers 

Crop 
Averii(¡e 

yield 
per acre 

* f 

Sumol 
increaM 
effected 
by rota- 
tion and 
ose of 

(ertUiiar 
when 
prac- 
ticed 
sepa- 
rately 

Actual 
increan 
«tiectad 
by con- 
Joining 
rotation 
and use 
of ferti- 
lizers 

Oats (WooBter).. Unlimed—Continued. 
Rotation witbout chemical 

Buiktli 
33.3 

ButhtU Bu»htU Pnttnt Sutktl» AuMi 

fertilizer.                            i 
Use of chemical  fertilizer !      37.« 

without rotation. 
Kotatlon and use of manureJ      41.9 
Kotatlonwlthoutnianure..-:       32.8 
Use of manure without rota-        38.4 

' 

13.5 Í.0 IMLO 33.7           32.« 

Cotton    (äüuth 
CaroUna). 

tlon. 
Limed: 

Kotatlon and use of chemical 
fertilizer. 

Kotatlon without chemical 
fertilizer. 

Use  of chemical  fertilizer 
without rotation. 

Unlimed: 
Rotation and use of chemical 

fertilizer. 
Kotatlon without chemical 

fertUizer. 
Use  of chemical  fertilizer 

wUboutroUtion. 

found» 
1,109 

1,884 

i.8eo 

1,82S 

1,M8 

1,877 

Pound» 
08 

Pound» 
844 30 

Pound» 
1,014 

Pound» 
714 

48 Î77 17.8 »47 «88 

i i 
For the want of liming tests in the continuous-culture series at 

Wooster, the yields on the unlimed plots of the same series are used 
in evaluating rotation and the use of fertilizers on the limed plots in 
rotation. In doing so it is assumed that direct applications of lim© 
on wheat, com, and oats when grown in continuous culture produce 
no positive results. In as much as these three crops are tolerant of 
soil acidity, and for this reason show but little or no response to lim- 
ing, the yields obtained on the unlimed plots in continuous culture 
can not deviate very much from the results if said plots were limed (5). 

Because the comparable average yields are for different periods, the 
relative values for crop rotation m the Wooster experiments as given 
in Table 50 are higher than the corresponding values given in Table 35. 

In comparing the results obtained under limed and unlimed condi- 
tions, as summarized in Table 50, it is to be noted that when the soil 
reaction is altered or changed by liming both the average absolute 
and relative values for rotation (Ä) have oeen increased—the average 
increase in the relative value, including all crops and fertilizers, being 
23.0 per cent. These increases in the effectiveness of rotation due to 
liming are also reflected in the conjoint effects of rotation and the 
use of fertilizers, as indicated by the comparative values given in the 
last two subcolumns of the table. 
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The results of the long-continued liming tests herein recorded are 

few in number and hence inadequate in forming the basis of a general 
statement or principle; yet from a study of the data as summarized 
in Tables 47, 49, and especially 50, it would seem that, under the con- 
ditions of these expenments, the liming problem, with respect to 
productivity maintenance, isprimarilv a clovor-rotation problem, and 
that the increases in the yields of such crops as wheat, com, and oats 

// //    2    //    // £0 ^O S6 20 J^O 
£. JL ^ I. 

C//£/^/Of¿.-F£jer/¿/2SñS£/e/£'S    AMAfi/^f S£/e/£S 

7£Á/? /ryr//ûi/r/e07:!^r/ip//y4//i> ££j^/z./z£/e   '. 

Ä^/y c/e££>/r£i> TZ? c//£/i/ofL ££jer/A/z£JZ 

'■¿■¿-rOlurt TitnaUtinc tí» «ffeett of foU metloa OD tbe affacUveiMn of ratstlon ud tb« nae 
M nrnUnr, H Indicated by tba ylaldi o( wbtM *t Wooftw, Ohio. Tbe plot nombert are (Iren 
P«0"'.Meti bar. L Indleat« tba plou raMtTtni Urn«. The bociiontai-rertleal oronhatchln« 
u> ««ID ot tba last two ban In tba ebamlaiMirtlUtar nrlaa IndlcatM (a) bow much greater tbe 
■etoal iDcraaas edected by eonjolninc rotation and tba OM of iertUim b than the sum of tlioir 
Mparate inoeana, and (6) tbe anailoeatad Inoraaaa allectad by tba Interaction ol rotation and 
tba Die of fartlllier 

which may result when soil acidity is reduced or neutralized are due 
to mdiroct effects of liming. 

In Figures 7, 8, 9, and 10 are visualized the results of the long-time 
ummg tests herein described. In each case it is shown what propor- 
tion of the yield is credited to cultivation alone, the increase m yield 
effected by combining rotation or the use of fertilizers with cultiva- 
tion, and the increase effectetl over cultivation by conjoining rotation 
and the use of fertihzers. 
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Û4/// C/e£íf/r£l> 727 Af^/^i//Zja 

rio. 8.—Chart showing tho cflects of soil reaction on the efficiency of rotation ami the u.w of fcr- 
tillxers, as Indicated by tho yields of corn at Wooster, Ohio The plot niinilurs are Riven below 
the bars. I, indicates the plots rcceivin« lime. The unhachured space in each of the last two 
bars of the chemical-fertlliier series indicates how much greater the additive effects of conjoining 
rotation and the use of fertilizer »re than tho sum of the elTccts reaultinii when the two »-acttcea 
are acting Independently of each other; or it may indicate to what extent the values of R and F 
overlap. The unhachured space in each of the last two bars In the manure series IndlcBtes to 
what extent the conjoint effects of rotation and the use of manure fall short of being fully additive. 
(Compare with Tables 49 and 50.) 
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rái lt> 7*1«; 
Sa- 

/,      ' /. ¿. /. 
c^£=/>fAC>4L-^££r/¿uz£je s^J^/£S   H/9A/i/je£ s^ie/^s^ 

äV/ZV ce£fí>/r££> r¿? ¿T/es*«' /^orAr/o/^ 

FIO. 9.—Chart showing th« etlecta ofsoll reaction on the efficiency of rotation and the use o( (ertltltera, 
u Indicated bjr the yield» <A oata at Wooater, Ohio. The plot numbers arc indicated under the 
bars. L Indicatea the plots receiving lime. This shows what portion o( each yield is credited to 
cultivation alone, the Increftsn elTected when to cultivation Is added rotation or the use of fertllliers, 
and the total in<7ease reauitinK when to cultivation ar« added the conjoint effects of rotation and 
the use of fertilisers.    (Compare with data in Tables 49 and SO.) 
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SUMMARY OF RELATIVE VALUES OF CROP ROTATION AND OF POM. 
JOINT EFFECTS OF ROTATION AND THE USE OF FERTILIZERS 

A summary of tho results thus far considered is given in Table 51 
In studying the content of this table the following pointa are to be' 
kept m iiund: (1) AH evaluations for rotation and the use of fertilizers 
are based on the increases in yields over cultivation alone or check 
plot in continuous culture; (2) relative values for rotation are based 

on tho effectiveness of chemical 
fertilizer or stable manure; (3) the 
relative values for rotation given in 
the upper half of the table are for 
small r—that is, the efficiency of 
rotation as measured in terms of the 
effectiveness of the use of fertilizers 
when practiced in<lepondently of 
each other; and (4) the relative val- 

S " ^ 1 "®^ ^^'^ rotation given in tho lower 
^ '""^—^SÄiSS^fcias^iäia half of tho table are for capital R~ 

that is, the effectiveness of rotation 
when conjoined with the use of fer- 
tilizer as measured in terms of tho 
effectiveness of the use of fertilizer 
when conjoined with rotation. 

The relative values for rotation 
are arranged in two subcolumns. 
In one are given the values ob- 
tained under acid-soil conditions, 
and in the other the results ob- 
tained under nonacid-soil condi- 
tions or where the soil reaction has 
been altered or changed by liming. 
In tho last two subcolumns are 
given the figures showing the addi- 
tive effects of rotation and the use 
of fertilizers when conjoined. 

On the basis of the average results 
of these experiments, the following 
summarizing statements may be 
made: 

(1) Including all crops and all soils 
indicated, crop rotation without the 
use of fertilizers is 77.7 per cent as 
efficient as the use of fertilizers with- 
out rotation in effecting increases in 
crop yields over cultivation alone. 

(2) Crop rotation, when added 
,..,„„ to cultivation and the use of ferti- 
lizers IS about 73 per cent as efficient as the use of fertilizers when 
added to cultivation and rotation, in effecting increases in crop yields. 

(3) in general crop rotation is practically 75 per cent as efficient 
as the use of fertilizer in effecting increases in crop yields as measured 
from the check-plot yields in continuous culture. 

3/ ¿.        /.       ¿. 

3Y/£ie.fi Jt^/TAOc^ ^eo^ífr/íM 
3A^//V cjeee/Tjs£> TO 

CJeotP /eo7>ir/o/v 
lÄ-e/JV c/eec/rjE^o TO 
2c//£/f/C/tc /vjeT/iy^'fes 

rm. 10.—Chart showing the effect» or soil re- 
action on the efficiency of crop rotation and 
the use of chemical fortiUicr, us indicated by 
the yields of cotton at Florence, a. C. The 
plot numbers are indicated beneath the bars. 
L indicates the plots rccciving lime. The 
unhachured space in each of the last two bars 
indicates the interactive effects of rotation 
and the use of fertilizer when one practice is 
conjoined with the other; and it shows also 
how much less the increase effectad by the 
combined ertocts of rotation and fertilizers is 
than the sum of the gains resulting when 
rotation and the use of ferttlliers are prac- 
ticed independently of each other. (Com- 
pare with data in Tables 49 ami 50.) 
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(4) In general, crop rotation is nearljr 90 per cent as efficient as 
the use of fertilizer in efFoctine incroaaes in the yields of wheat, com, 
and oats, above check-plot yields in continuous culture. 

(5) Considering values based on comparable results, the average 
relative value of crop rotation is liigher when it is based on the effec- 
tiveness of stable manure than when based on the use of chemical 
fertilizers—being 67 per cent greater under conditions when rotation 
and the use of fertilizer are practiced apart from eacli other and nearly 
58 per cent greater under conditions when one practice is conjoined 
with the other. This indicates that larger increases in crop yields 
have been effected by the applications of chemical fertilizer made on 
the experimental plots than by the applications of manure. 

(6) Excluding clover, timothy, ana cowpeas, the average relative 
value of rotation is practically 20 per cent higher on soils whose 
reactions have been nltered or changed by liming, than on acid soils. 

(7) Except in case of barley at Rothamsted, the conjoint effects 
of rotation and the use of fertuizera are additive—being often more 
than fully additive. 

VALUE OF CROP ROTATION  AND OP THE USE OP FERTILIZERS IN 
MAINTAINING AND INCREASING SOIL PRODUCTIVITY 

Thus far in this study, crop-rotation values have been calculated 
from the differences in yields obtained on fertilized and unfertilised 
plots in continuous culture and in rotation—in each case the increases 
over the yields in continuous culture being the basis for calculation. 
Tlie discussion which follows is of rotation and fertilizer values con- 
sidered from the points of view of maintaining and increasing soil 
productivity under the conditions of the same experimenta described 
in foregoing paragraphs. 

This second method, as stated before, necessitates the determining 
of the natural producing power of the soil at the beginning of ench 
experiment, which is termed the maintenance yield. This yield .is 
taken as tlic basis from which are calculated the values for crop rota- 
tion and the use of fertilizers in maintaining and increasing soil 
productivity. 

It was thought best to determine the maintenance yield in each case 
by taking the 5-year average at the beginning of the test or before 
the experiment was begim. 

MAINTAINING SOIL PRODUCTIVITY 

In Table 52 are summarized the data concerning the relative value 
of crop rotation in maintaining soil productivity, as based on the data 
given in the foregoing tables. In tne fifth column are given, in each 
case, the years selected for the 5-year average—these being considered 
the best that can be obtained from the data given in the publications 
previously referred to. The South Carolina experiments are omitted 
from the table, because they cover only a short period; and the experi- 
ments on tobacco at Gcrmantown, Ohio, are omitted because the 
annual yields at the beginning of the experiment do not appear to 
have been published. 
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TABLX 62.—Relative value of crop rotation in maintaining êou productivity 

Crop Station Kind of fertiUier 
used 

Wheat. 

Corn. 

Oatt.. 

Barley... 

Rotbamsted.. 
Columbia, Mo. 

Wooster, Obio 
Columbia, Mo. 
Wooster, Obio 
Urbana, 111.... 

Columbia, Mo. 
Wooster, Ohio 
Rotbamsted.- 

Period of 
experi- 
ment 

covered 
by study 

(years 
Incloslve) 

Chemical fertilizer... 
; do  
\Manure  
IChemical fertUiier... 
\Manure  

..do  
(Chemical fertilizer... 
\Manure  
Phosphates and mar 

nure. 
Manure  
Ohemlcal fertilizer... 
Manure  
Cbemloal fertilizer... 

18J1-1921 
1!M»-I918 
ISiU-iei« 
18W-1«18 
1H80-1918 
18M-1918 
189»-l»18 
18l)»-t»18 
1S04-191S 

189S-1918 
1890-1918 
1899-1918 
1817-1931 

Averue yield at 
betdnning of test— 
malntenaiice yield 

Years 
selected 

for ¿-year 
average 

Aver- 
age 

mainte-   *""* 
nance 
yield 

lg4A-18S0 
' 1889-1894 

1889-1894 
1894-1898 
1894-1808 
1889-1803 
1804-1898 
1894-1898 
1890-1903 

11880-1804 
1804-1898 
1804-lSte 
18S2-18Sa 

I 

»uMt 
17.8 
li.3 
14.3 
las 
lai 
sas 
20.0 
37.3 
41.6 

3ae 
37.8 
38.4 
37.4 

ButMi 
34.1 
32.« 
sai 
13.0 
12.1 
3a.3 
38.4 
3&« 
S1.3 

38.9 
39L3 
33. S 
31.0 

1 

Aver- 
age 

yield 
for use 
of ter- 
Ulizer 
•lOM 

Rel». 
Uve 

value 
for crop- 

rota. 
tlon, ■• 
com- 
pared 
with 
fertl. 
liun. 

In 
main- 

Ulninr 
_^ 
tiTity 

ButMt 
23.« 
37.8 
sai 
19.7 
17.1 
S3.8 
34.4 I 
38.3 
32.8 I 

34.3 I 
18.8 
30.8 
43.0 

103.3 
83.8 

loao 
6a 0 
7a s 

118.3 
«78.7 
04.3 

» 1Í7.1 

M.Í 
83.0 

1U9.1 
• sao 

> Yield (or 1 year is omitted, and 1 year the crop failed. 
> Average yield on check plot in continuous culture is 13.3 bushels. 
' Average yield on checic plot in continuous culture i^i £1.4 bu-sbels. 
■Average yield on check plot In continuous culture is 14.1 busbnU. 

In the table it is to be noted that, under the conditions of the 
experiments considered, crop rotation without the use of fertilizer 
maintained the producing power of the soil, except in the case of corn 
at Wooster and of barley at Rothamsted, and the use of fertilizer 
without rotation maintained the producing power of the soil, except 
in the case of corn at Urbana. 
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INCREASINa SOIL PROOUCTIVITV 

In Table 53 is given a, summary of data calculated from previous 
tables, showing the relative value for crop rotation (r) and the 
conjomt effects of rotation and the use of fertilizers in increasinir 
sou productivaty. ^ 

TäBLB 53.—Relative value of rotation (r) and the conjoint effects of rotation and Iht 
v*e oj Jtrtxliter» in inereannç »oil prodtuUivity 

Wheat. 

Cora  

Rothunjtod.. 
ColumbI«, 

Mo. 
 do  
Woo«t«r,Ohlo 
Columbia, 

Mo. 
Wonter.Obio. 
nUnota  

Oats i Colombl«, 
(     Mo. 
I Woostcr, Ohio. 

Barley...! Rothanuted... 

Chcmleal lertlUxer.! 17.» 
 do I M.J 

Stable manure ! u,3 
rCbfimlcal (ertUlur.l las 
\Maoar«.  lai 

do  at 

/Cbamieal (ertnUcr. 
\Manur«  
Pboapbat«   and 

maonn, 
Maoorau .„. 

/Chemical fertaiier. 
\MaDure  
Cbemica] (ertUlier. 

30.0 
37.2 
41.« 

11.6 
Z7.8 
3S.4 
27.4 

BaA- 
<b 

&< 
IS 
1.8 
XO 
Í.S 

-it 
-0.6 

«.« 
»,1 

4.4 
3.» 

-&4 

Batiulê 
8.1 

13.4 

S.» 
8.2 
7.0 
ai 

&4 
1.0 

-ft O 

lae 
11.0 
1.2 

14.« 
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con- 

joined 
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(ertl- 
llxw 
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of rotation and 
ua« of fartUixan 

Per 
er»t BiuheU 
108. 2 32. S 
M. 2 )     32. 9 

loao 
10.3 
2Lt 

ttO 
4ao 

sa.0 

3a< 
sao 
21.7 
48.« 

47.« 
43.8 
67.8 

S7.S 

S8.2 
41.3 
3S.0 

Sum of 
increaae 
ofpro- 

ductlT- 
Ity ef- 
fected 
by ro- 
tation 

and UBe 
of ter- 
UlitCT 
when 
prac- 
ticed 
•epv 
ratalr 

Actual 
increaae 

i In pro- 
ductiv- 
ity ef- 
fected 
by con- 
joint 
action 
ofrAa- 

tlon 
and use 
of fer- 
tllltcr 

•tooreases above mülntananoe jrieid aOeoted b» rotatloa and 
pendently of each other. >»MM»»IW 

ButhtU 
12.7 
22.0 

11.8 
ia7 
8.0 
S.8 

Z8 
a4 
a« 

It.« 

18.4 
t.1 
8.2 

BiuJlcb 
1S.0 
18.8 

18.4 
I«. 8 
11.8 
18.4 

18.« 
16.8 
28.0 

13.« 

28.4 
12.9 
.7.6 

the ON o( brtilUar when practiced Inde- 

It IS to be observed that, in 8 of the 13 experiments listed, the 
use of chemical fertilizer or manure, when practiced in the absence of 
rotation, is more effective in increasing productivity than rotation 
alone; and in 5 cases the effectiveness of rotation is equal to or greater 
than that of the use of fertilizer. And further, in all cases, except 

j j-^ *®^^' ® conjoint effects of rotation and the use of fertilizer 
are additive in increasing soil fertility—in 10 of the experiments the 
ettects being more than fully additive. 

Wüjiwv ■■i,ti'.j: 
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EFFECT OF SOIL REACTION ON ROTATION AND USE OF FERTIUZERS 

It may be of interest to summarize the effects of soil reaction on 
the conjoint action of rotation and the use of fertUizer in increasing 
fertility. In such a study only the results obtained on wheat, com, 
and oats at Wooster are available. This summary is given in Table 
54. 

TABLB 64.—Effect of soil reaction on the conjoint effect of rotation and of the use of 
fertilizer»  in  increasing  soil  productivity,   Woo»t«r,  Ohin 

LIMED SOIL 

Crop 

Wheat.. 

Cora... 

OkU.... 

Kind of fortilUer used 

Feriad ot 
expert- 
meat 

coTered by 
study 

Maintenanoe yield 

Yean 
selected 

for 
i-year 

aTertkge ■ 

/Chemical íertlllMT  190Í-1918 ¡ 
iManure  1906-1918 
/Chemical fertiliser  1900-1918 i 
iManure  1900-1918 
Chemical fertiliser |{l9«M918 

M»""" i{l9»?lUj 

Additive effeoU of 
rotation and use 
of fertilisers 

Average 
yield, 

rotation 

Sum ol In- 
creases In 
produ^^ 

S-year 
average 

I conjoined tivityef- 
! with use  ■ 

of ferti- 
liser 

fected by 
rotation 

and use of 
Í fertiliser 

when 
! practiced 
[lepanttely 

(r+f) 

1901-ieos 
1901-I90S 
189S-l»g9 
189S-1899 

^1900-1904 I 

[1900-1904 

ßtuhtlt 
8.S ' 
9.1 I 

29.6 I 
27.2 ¡ 
l«.l I 
31.6 

BiMett 
82.2 
2e.»i 
M.( 
48.9 
63.3 

«4.0 

Biaheli 
19.8 
16.7 
6.0 
4.8 

84.0 

30.» 

Actual in- 
crease In 
produc- 
tivity ef- 
fected by 
conjoint 
action of 
rotation 
and use 

of 
fertnisw 

Itiuhelê 
23.7 
1C7 
24.« 
21.7 
83.7 

22.4 

ÜNLIMED SOIL 

Wheat.... 

Corn  

Oats  

/Chemical fertiliser... 
IManure ,... 
/Chemical fertiliser,.. 
\Manure  

Chemical fertiliser. 

1908-1918 1901-190« 
1906-1918 ; 1901-lOOJ 
1900-1918 ; 1895-1899 
190O-1918 ! 1895-1899 

M«"«» j{l9<iÏÏ918 }'«<»-"»« 

31.7 
2S.1 
48,»: 
44.2, 
62.8 

41.« I 

1 

17.6 
14.9 
1.4 
a«: 

31.3 

111 ! 

3S.1 
ie.0 
19.3 
17.0 
33.S 

ia3 

■ 6-year average based on yields given In Tables 30 and 32, 

Here it is to be observed that only in the case of com does lime 
effect an increase exceeding 3 bushels per acre from the conjoint 
action of rotation and the use of fertilizer. However, it may be 
concluded that changing or altering the soil reaction by liming 
tends to increase the conjoint effectiveness of rotation and fertilizers. 

GENERAL DISCUSSION 

Two methods have boon employed in evaluating the effectiveness 
of rotation in crop production, and in determining the additive 
effects of rotation and the use of fertilizers when tliese two farm 
practices are conjoined. Although in one method the evaluations 
are based on the increases over the yields obtained on check plots 
in continuous culture and in rotation, and in the second method, 
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on the increases over tlio maintenance yield, or the average yield 
obtained at the beginning of the experiments, yet the general resulta 
as regards the value of rotation in relation to soil productivity all 
point in the same direction. 

The evaluation of crop rotation as osculated from the maintenance 
yield seems to be the more logical and scientific method, especially 
from the point of view of maintaining and increasing the producing 
power of the soil. However, in determining the values for rotation 
and the use of fertilizer when one practice is combined -with tlie 
other, or in determining the relative value of H, the first method 
referred to above has been found to be very useful. 

Taking all the results into consideration, as based on the average 
results of the pubhshed data of the long-time fertility experiments 
herein considered, the following important facts as regards tlio value 
of crop rotation have been brought out: 

(1) Rotation of crops is practically 75 per cent as effective as the 
use of fertiUzer in effecting increases in crop yields—being nearly 
90 per cent as effective as the use of fertilizer when the results on 
wheat, com, and oats, only, are considered. 

(2) As based on the average vields at the beginning of the experi- 
ments involving fully comparable yields, rotation has been shown 
to be 91.5 per cent as effective as tße use of fertilizer in maintaining 
the producing power of the soil, 

(3) In increasing soil productivity, the effects of rotation alone 
may e(mal or exceed the effects of tlio use of fertihzer without rotation. 

(4) The effects of rotation and the use of fertiUzer apparently are 
not the same, as is shown by the fact that their conjomt effects on 
crop yields are additive—bemg more than fully additive in most of 
the cases considered. 

(5) In permanent crop production, high productivity levels are 
possible only when rotation and tiie use of fertilizer are conjoined. 

It is not the object of this study to emphasize primarily the 
important place that fertihzers assume in permanent soil productivity, 
the value of which is fully recognized; but rather to stress the im- 
portance of crop rotation in relation to profitable crop production 
and to show the necessity of conjoining rotation and the use of ferti- 
lizers in the establishment of permanent agriculture. No attempt 
will be made in this discussion to formulate any rules for the use of 
fertilizers for greater efficiency; but attention is directed (1) to some 
of the conditions under which these experiments are conducted; 
(2) to a reasonable interpretation of the above facts in relation to 
the Nation's food-production problem; and (3) to a practical apph- 
cation of the principles involved to efficient and profitable soil 
management. 

In all the fertilitjr tests included in this study the experimental 
plans are rigid or fixed, there being no modification whatever in 
the rotation involved in anv particular experiment, and but little 
or no alteration is made in tlio fertilizers applied. Of course, in the 
long-continued fertility tests, rigidity of plans is generally accepted 
as necessary; but in practical experience the farmer usually adopts 
more or less flexible plans. He may alter or even change the rota- 
tion, if necessary, or ne may vary the fertilizer treatment to better 
meet the soil and crop requirements, or he may lime the soil only 
when crop or soil conditions indicate the necessity of liming.    A 
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study of the soil-management metliods practiced by successful and 
leading farmers, especially in the oidor farming sections, clearly 
shows that the maintenance of soil productivity is accomplisliod 
most efficiently, not by rigid or fixed systems of cropping, fertilizhig, 
and liming, but by systems that are moro or less flexible.   In rational 
farming, soil, crop, topographic and economic conditions on prob- 
ably the majority of farms compel variations in rotations and in 
the use of soil-improvement materials.    In fact, because of these 
conditions, there are only a comparatively few farms, taking tiie 
coimtry at large, which can be successfully divided into a certain 
number of fields or cropping units to accommodate a single, fixed 
rotation."    This is quite evident, for uniformity of soil as regards 
kind or producing power is rather unusual.   A rotation best suited for 
a field of low-producing sand is seldom suited to a field of productive 
silt loam; a hillside field subject to soil erosion calls for a different 
management as regards rotation than a field on a fiat area; and so on. 

The primary auestion that confronts a practical farmer who farms 
more or less witn livestock does not concern rotation so much as it 
does the acreage of crops necessary to best meet his feeding require- 
ments.   On the other hand, the truck grower is concerned primarily 
with the question of the crops best suited to meet the market condi- 
tions.   In either case the cropping problem resolves itself into two 
f>arts: (1) The growing of the desired crops in a manner, or in dif- 
erent rotations, best suited to the soil and crop conditions, and, 

(2) the dove-tailing, so to speak, of the different rotations so as to 
enable the farmer to realize annually the required acreage of each 
crop he desires to grow. 

In the light of economic and rational fertilizer practice, the appli- 
cations of chemical fertilizers made on the experimental plots are to 
be regarded as heavy or excessive, and the fertilizers in themselves 
"unbalanced." Nevertheless, the applications selected for compa- 
rable yields have given, in the majority of cases, most favorable re- 
sults. Over against the effects of these heavy applications have 
been weighed the effects of fixed rotations, whose effects in any 
particidar test can not be regarded as being determined by material 
quantity, as in case of the fertilizers. 

It is not possible to know with any degree of certainty what the 
results would have been if, in some of the experiments, tlie rotation 
had been altered or changed, or if in all the experiments the applica- 
tions of chemical fertilizer wore modified to conform to the modem 
ideas of fertilizer practice, which are generally recognized as being 
the more scientific. That such modifications, or breaks in the rigid- 
ity of the experimental plans, would have resulted in higher average 
faelds seems quito certain, for the iiigher average yields obtained by 
eading farmers carry considerable significance. 

The average yield of wheat on the fertilized plot 2-C, in rotation 
on the Agdell field at Rotliamsted, for example, is 32.5 bushels, 
while the average yield for England and Wales is 31.7 bushels (16, 
p. 56). Tliis means that tiio average yield of wheat on many fanus 
m England and Wales must bo much higher than that on the Agdell 
field; and the chances are that these high yields are not obtained as 

' A flied rotation may b« deflned as a rotation In wblcb the cropa recur at regular Intervals and which 
oocuples a fixed number of years; (or example, a four-year rotation ot corn, oats, wheat, and clover. 
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the result of any sucJi riçid rotation and fertilization systems as are 
practiced on the AgdoU held. 

This discussion of rotation assumes diversification in cropping 
Statistics show that cotton, corn, wheat, oats, and hay each occu- 
pies more than 30,000,000 acres on American fai-ms. Together these 
five crops occupy 87.5 per cent of the total crop area of tlie country 
(17, p. 2). It IS out of the question to discuss the value of rotation 
m relation to permanent productivitv from the point of view of a 
rotation tJiat is suitable for all sections of tlie country, because it is 
evident that a 5-year rotation including the five major crops is im- 
possible in a country so large and with such wide differences in 
•climatic and agricultural conditions. However, a study of the dis- 
tribution of the important crops grown in the agricultural ridions of 
the United States, within the several States, and within smaller 
areas or districts, will show that fle.\ible rotations * are possible in 
most sections or localities or on most farms, the possible exceptions 
being on specialized, 1-crop famis and in certain dry-land farming 
sections where, because of^ scant rainfall, a change from a 1-crop 
system, as from wheat and follow, is practicafiy impossible or 

■economically hazardous. 
As rcgard.s chemical or commercial fertilizers, their use is becoming 

more and more general, this being the natural outcome as virgin, 
arable soils are kept longer and longer under cultivation. The 
richer the soil and the more skillful the farmer in his soil management, 
the longer virgin soils can produce profitable crops without the use 
of fertilizers. Historv shows, however, that sooner or later exhaustive 
croppmg brings the beet of virgin soils to a point where the use of 
manure or some other form of fertilizer becomes necessary for the 
realization of profitable yields. 

In the light of this study it may well be assumed that on productive, 
virgin soils a good rotation may for years prove more effective in 
maintaining yields than manure or single, mixed, or even completo 
commercial fertilizers. In time, however, the fertilizers give more 
and more positive results, until they approach the effectiveness of 
rotation, as the experiments on com at Lrbana, 111., seem to show. 

Cultivation in fertility maintenance, especially as regards the 
preparation of the seed bed, is generally recognized as fundamental, 
regardless of soil, climate, or economic conditions. 

In this brief survey directing attention to the general importance 
of crop rotation, the use of fertilizers, and cultivation, it must be 
recognized that on these three practices, mainly, the maintenance of 
soil productivity generally depends. The relative importance of 
each practice will necessarily vary on the various farms or soils, their 
relative efficiencies being determined by such factors as the quality 
of the soil, the character of the rotation, and the kind and quantity 
of fertilizers used. When conditions are such as to cause cultivation, 
rotation, and the use of fertilizer all to become positively effective, 
the resultant yields may be regarded as consisting of three parts, 
one portion representing the effectiveness of cultivation alone, a 
second portion to be credited to the effects of rotation, and a third 
portion representing the effectiveness of fertilizers.    Thus, assuming 

«miüi Sííf'n't-Ht"'"' "í'' ** '^«û'"«!,«» » rotation lo whloh different kinds oí crops, such ai IntertlUed 
ofï-nSïi^;Î°^ '"'f.'"' '"«"me crops, follow In deHnltc order as named, but In which the number of year« 
«1 xrowing the spedOo crops Is not fixed. 
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a l-iTop system of fanning, the average crop yields of a farm or 
community or of the whole country can be greatly increased if to 
cultivation is added crop rotation, and can be further increased if to- 
cultivation and rotation, in turn, is added the use of fertilizers. 

If conditions were such as to make possible the application of so 
«mple a productivity program, the food-production problem of the 
Nation would not prove a serious one for many years to come. The 
general conditions as they exist, however, caírfor a very différent 
mterpretation or application of the facts brought forth as'a result of 
this study. 

Cultivation is generally practiced. Rotation of some description 
IS practiced by most fanners, though the rotation may consist in 
merely a change of crops without any dotinite system or any degree of 
regularity. Manure, wherever it is produced,'is usually disposed of 
for the good of the lajid ; and commercial fertilizers are coming more 
and more into use, either specially in single or incomplete forms to 
correct certain soil deficiencies or to meet the requirements of special 
crops, or generally in mixed or complete forms. 

Prom the point of view of the country at large, any increase in the 
average crop yields as effected by cultivation is possible only when a 
general improvement is made in tillage methods or practices. Such 
effects can be realized only to the extent that each individual farmer 
masters the fundamental principles of lillage and studies his soils,^ 
crop, and machinery so as to enable him to make the proper appli- 
cation of the tillage principles to the conditions on his farm through 
the means at his command. 

Fann manure and commercial fertilizers seem to be regarded as 
possessing the greatest possibilities with reference to maintaining^ 
soil productivity and in effecting increases in crop yields. Judging 
from the experiences of farmers who have used such materials as 
dung, seaweed ashes, wood ashes, street refuse, and certain kinds of 
inarl during pre-Roman and Roman times, and from the profound 
effects that manufactured or commercial fertilizers have had, since 
1840, on the agriculture of the leading nations of the world, the basis 
for the recognition of great possibilities in fertilizers Ls well groimded. 

Generally speaking, over against the great possibilities of the use 
of fertilizers in maintaining and increasing soil produotivity are to 
bo placed the possibilities ot crop rotation, which have been found to 
exceed very often those of the use of manure or chemical fertilizers. 
Though it is true that most farmers alternate their crops in one 
manner or another, the maximum effects of crop rotation certainly 
are not reflected in the average crop yields of the agricultural regions 
of the United States, or of the United States as a whole. There can 
be little doubt that rotation can bo made much more effective in 
increasing as well as in maintaining crop yields, not only in sections 
m which fertilizer practices have become more or less permanently 
established, but as well in sections in which commercial fortihzers 
are sparingly used, or are still practically unknown. 

Since II has been found that rigid or fixed rotations are very often 
more effective than the use of fertilizers in increasing the yields of 
such crops as wheat, com, and oats, it seems reasonable to assume that 
properly planned, flexible rotations would prove oven more effective 
in practical farming, both from the productivity and economic points 
of view. 
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GENERAL SUMMARY AND CONCLUSIONS 

This bulletin reviews a study of the effects of crop rotation and the 
use of fertilizers on the yields of crops, the primary objects being (1) 
to determine some deñnite measure of the vjilue of crop rotation in 
«rop production and (2) to compare the beneficial oiTocts of rotation 
with those of the use of manure and complete chemical fertilizers in 
maintaining and increasing soil productinty. 

The maintenance of soil productivity depends in a lai^e measure (m 
three factors commonly referred to as farm practices: (1) Cultivation 
of the soil, (2) rotation of crops, and (3) the use of fertilizers. 

Three methods of study are suj^ested. One is discarded because 
of the assumptions involved; the other two methods, which are 
accepted, are fully explained (pp. 3-10). 

The effects of crop rotation and the use of fertilizers on crop 
yields, as determined by the first mehod, in which evaluations are 
based on increases over the yields in continuous culture and rotation 
alone, are as follows: 

Results of 72 years on wheat at Rothamsted, England, show that, 
under the conditions of these experiments, crop rotation without 
fertilizers is somewhat more effective than the use gf a heavj' applica- 
tion of complete chemical fertilizer; whereas, in case of Darley, 
rotation is a little less than 28 per cent as effective as the use of fer- 
tilizer. And further, rotation, when added to the use of fertilizer, is 
105.6 per cent as effective as the use of fertilizer when added to 
rotation; in other words, the relative value of rotation is 105.6 per 
<5ent. When rotation and the use of fertilizer are conjoined, the 
«ffects on the yields of wheat are somewhat less than fully additive ; 
in the case of barley their conjoint effects are not additive (pp. 10-18). 

Under the conditions of the experiment at Columbia, Mo. (results 
for 30 years), the relative values of rotation alone, as based on the 
effectiveness of the use of fertilizer when practiced in the absence 
of rotation, are as follows: On wheat, com, and oats, when fertilized 
with farm manure, 100 per cent, 102.7 per cent, and 53 per cent, 
respectively; and on wheat fertilized with complete chemical fer- 
tilizer, 54.7 per cent. When one practice is added to the other, the 
relative values for rotation in the manure series are as follows : Wheat, 
100 por cent; corn, 103.9 per cent; and oats, 33.7 per cent; and on 
wheat fertilized with chemical fertilizer, 36.4 per cent. When rotation 
and the use of fertilizer are conjoined their combined effects on crop 
yields in each case are somewhat less than fully additive (pp. 18-29). 

The tests at Wooster, Ohio, as reported for 25 years, show the 
relative values for rotation alone, as follows: On wheat, corn, and 
oats in the chemical-fertilizer series, 31.5 per cent, 54.5 per cent, and 
60.4 per cent, respectively; and on the same crops in the manure 
series, 37 per cent, 83.1 per cent, and 123.7 per cent, respectively. 
When one practice is added to the other, the relative values for rota- 
tion are as follows: On wheat, corn, and oats in the chemical-fertilizer 
series, 50.5 per cent, 55.4 per cent, and 62.5 per cent, respectively, 
and on the same crops in the manure series, 37.2 per cent, 80.8 per 
cent, and 124.9 per cent, respectively. When rotation and the use of 
fertilizers are conjoined the effects on crop yields arc practically 
fully additive, except in case of the use of chemical fertilizer on wheat, 
where the conjoint effects are more than fully additive (pp. 29-38). 
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Under the conditions of the 16-year tests on tobacco at German- 
town, Ohio, crop rotation is from 12.5 per cent to 28.3 per cent as 
effective as the use of chemical fertilizer and about 33 per cent as 
effective as the use of a 10-ton apphcation of manure. When rota- 
tion and the use of fertilizer are combined, their effects are some- 
what less than fully additive (pp. 38-39). 

Under the conditions of the experiments on brown silt loam at 
Urbana, lU., results for 14 years show that crop rotation without 
fertilizer is 302.2 per cent as efficient as the combmod use of manure, 
phosphate, and lime without rotation in effecthig increases in th» 
yield of corn (over check plot in continuous culture). When rota- 
tion is added to the use ol fertilizers, the increase effected is 113.4 
per cent greater than when the use of fertilizers is added to rota- 
tion. When rotation and the use of fertilizers are conjoined their 
combined effects in increasing the yield of corn are more than fully 
additive (pp. 39-41). 

The 6-year results on cotton at Florence, S. C, show that rotation 
without fertilizers is 60.6 per cent as effective as the use of chemical 
fertilizer without rotation. When one practice is conjoined with the 
other, rotation is only about 25 per cent as effective as the use of 
fertilizer in eifecting increases in yield. Under the conditions of 
these experiments the combined effects of rotation and fertilizer ar& 
less than fully additive (pp. 41-44). 

The nature of the liming tests at Wooster, Ohio, and at Florence, 
S. C, made it possible to study the effect of soil reaction on the effects 
of crop rotation and the use of fertilizers in effecting increases in the 
yields of wheat, Indian corn, and oats (Wooster), and of cotton 
(South Carolina). These experiments show that an alteration or 
change in the soil reaction as effected by liming has increaaod the 
absolute ami relative values for rotation when conjoined with the 
use of fertilizers—the average increase in the relative values over 
unlimed conditions being 23 per cent. This increase in the relative 
value for rotation due to liming is reflected in the increased additive 
effects when, on limed soils, rotation and the use of fertilizers are 
conjoined (pp. 44-54). 

Ii these long-time tests are typical of results showing the effects of 
liming, it would seem that the liming problem is primarily a clover- 
rotation problem (pp. 51-54). 

Summary of foregoing results : 
(1) Including all crops and all soils considered, crop rotation is 

practically 75 per cent as efficient as the use of fertilizer in effecting 
increases in crop yields. 

(2) In general, crop rotation is nearly 90 per cent as efficient as 
the use of fertilizer in effecting increases in the yields of wheat, corn, 
and oats. 

(3) Excluding such crops as clover, timothy, and cowpeas, the 
average relative effectiveness of rotation is practically 20 per cent 
higher on soils whoso reactions have been altered or changed by 
liming, than on acid soils. 

(4) Except in case of barley at Rotharasted, the conjoint effects of 
rotation and the use of fertilizers on crop yields are additive—being 
often more than fully additive (pp. 55-56). 

When rotation evaluations are based on the maintenance yields or 
the average yields obtained at the beginning of the experiments accord- 
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ing to the second meüiod of study, results show that both crop rota- 
tion without the use of fertilizers and the use of fertilizers without 
rotation maintained the producing power of the soil, except in a 
few cases (pp. 57-58). ' 

In 5 of the 13 experiments considered, crop rotation withoutfertiliz- 
ers IS equally or more effective than the use of fertilizer without 
rotation in increasmg soil productivity. In the other 8 experiments 
It is shown that the use of fertilizer is the more effective. And fur- 
ther, in all cases, except the barley experiment at Rothamsted, the 
conjoint oflects of rotation and the use of fertilizer are additive in 
effecting increases in soil productivity—in 10 of the experiments the 
effects being more than fully additive (pp. 59-60). 

The following facts concerning the value of crop rotation sum- 
manze all the results arrived at from both methods of study: 

(1) Rotation of crops, when practiced with and without the use 
of fertilizer, averages 75 per cent as effective as the use of fertilizer, 
in effecting increases in crop yields, or 90 per cent as effective 
as fertilizers when the results on wheat, com, and oats, only are 
averaged. 

(2) In most cases, as determined by the conditions of the experi- 
ments considered, it has been found that rotation is 91.5 per cent as 
effective as the use of fertilizer in maintaining the producing power of 

(3) In increasing soil productivity, as measured from the mainte- 
nance yields, the effects of rotation alone have been found, at times to 
equal or exceed the effects of the use of fertilizers. 

(4) The conjoint effects of rotation and the use of fertilizers are 
additive, as effecting increases in yields over the check plots in con- 
tinuous culture and rotation; or as effecting increases in soil pro- 

f-i^ \Y' "^^^^ measured by increases above the maintenance yields. 
(0) Altering or changing the acid reaction of a soil by liming 

increases the relative effectiveness of crop rotation. 
(6) On soils long under cultivation, highest yields are possible oiily 

when rotation of crops and the use of fertilizers are conjoined. 
The above facts pomt to the following principles of permanent soil 

productivity: 
(1) Crop rotation is so important a farm practice, especially in 

maintaining and increasing tho jnclds of cereal crops, that its effective- 
ness may often equal or even exceed the effectiveness of the use of 
comoleto (lioniical fertilizer or farm manure. 

(2) Th® conjoint effects of crop rotation and the use of fertilizers 
are additive, as effecting: increases in crop yields. 

(3) The relative efficiency of crop rotation is greater on soils 
naturally supplied with lime or on soils whose reactions have been 
altered or changed by liming than on soils that are acid in character. 
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